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Mesotlielioiiius  in  Hamsters  Following  Intrapleural 
Injeetion  of  Asbestos 

W.  E.  SMITH,  M.D,  LLOXAS  MILLER,  Ph.D.,  J.  CHURG,  M.D., 
.\.M)  L  J.  SELIKOFF,  M.D. 

Madl.'^an,  Neic  Jer.-icy 

Exposure  to  asbestos  dusts  has  been  associated  with  puhnonary  carrinonia 
and  with  mesothelioma  of  the  pleura  antl  peritoneum  in  man  (1,  2).  Con- 
versely, malignant  tumors  have  not  been  repoi'ted  after  inhalation  oi-  intra- 
tracheal injection  of  numerous  i)rei)arations  of  asbestos  in  a  variety  of  sjxcies 
of  animals  (3,  41  with  exception  of  lesions  found  in  two  mice  (ol.  Literature 
on  experimental  studies  of  lung  cancer  has  l)een  ri'viewed  (6l.  Recently, 
AVagner  (7)  reported  mesotheliomas  in  rats  after  intrapleural  injection  of 
chrysotile  and  crocidolite  varieties  of  asbestos. 

In  hamsters,  we  found  extensive  i)leural  fibrosis  with  develo])ment  of  pleural 
mesothelioma  (8)  after  intrapleural  injection  of  the  amosite  variety  of  as- 
bestos. Additional  mesotheliomas  have  now  appeared  in  hamsters  after  intra- 
pleural injection  of  amosite  or  chry.sotile.  and  the  results  are  sunnnarized  in 
the  jiresent  paper. 

METHODS 

Samples  of  soft  chrysotile,  harsh  chrysotile  and  amosite  were  proct'ssed  to 
average  fiber  lengths  of  67,  36  and  18  microns,  respectively,  by  a  method  de- 
veloped in  this  laboratory  (9).  Each  of  45  male  hamsters  was  given  a  single 
right  intrapleural  injection  of  25  mg  of  one  or  another  of  these  jn-eparations 
suspended  in  0.5  cc  of  0.9  per  cent  sodium  chloride  solution.  Theiv  were  15 
animals  in  each  treatment  group.  A  fourth  group  of  15  hamsters  was  set  aside 
as  an  untreated  control.  All  groups  were  maintained  on  a  pelleted  l('c(l,  but  1 
per  cent  amosite  was  baked  into  the  daily  ration  of  the  group  that  had  re- 
ceived amosite  intrapleurally,  and  1  per  cent  soft  chrysotile  was  l)aked  into 
the  daily  ration  of  the  groups  that  had  received  intrapleural  injection  of  the 
chrysotile  sanii)l(>s.  The  animals  w^ere  maintained  on  these  diets  until  they 
died  or  were  saciificed.  At  necropsy,  tissues  and  organs  were  described  and 
exaniinefl  histologically. 

FINDINGS 

Pleural  adhesions  involving  the  right  lung  and  often  extending  into  the 
pericardial  sac  and  left  pleural  cavity  were  found  in  27  of  37  hamsters  that 

From  tlie  Health  Research  Institute,  Fairleigh  Dickinson  University,  Madison,  N.  J. 
This  work  was  supported  by  Public  Health  Sei-vice  Research  Grant  CA  07681  from  the 
National  Cancer  Institute. 
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died  or  were  sacrificed  from  the  97th  to  the  oG3rd  day  after  start  of  test.  In 
hamsters  witliout  such  adhesions,  deposits  of  asbestos  were  foimd  in  the  sub- 
cutaneous tissue  of  the  chest  wall,  the  injection  having  evidently  failed  to 
reach  the  pleural  space.  Extensive  pleural  and  pericardial  adhesions  were 
found  in  hamsters  treated  with  each  of  the  three  varieties  of  asbestos  tested. 
Asbestos  fibers  were  numerous  in  these  adhesions,  and  there  were  occasional 
asbestos  bodies.  There  was  marked  pleural  thickening  and  calcification.  In 
specimens  removed  early  in  the  experiment,  adhesions  consisted  of  granuloma- 
tous inflammation.  Multinucleated  giant  cells,  often  filled  with  asbestos  fibers, 
then  became  a  prominent  feature.  In  later  s])ecimens.  cellular  infiltrate  was 
sparse  and  the  adhesions  consisted  principally  of  fibrous  tissue.  In  eacli  of  the 


Fk;.  1.  I'll  ural  a<lli<  >i()ii  wiili  i  piiln  li.il-liki  i  i  lls  lining  a  rli  ft  2.').")  ila>s  aftrr  intra- 
pleural injection  of  soft  cliiy.-ot ilc  a.-l)(  >to>  filx  r>.  (440  X) 

three  treatment  grou])s.  pleural  adiiesions  were  found  that  contained  islands 
of  epithelial-like  cells  that  often  lined  narrow  clefts  (Fig.  1).  The  adhesions 
ranged  up  to  4  mm  in  thickness.  In  occasional  animals,  nodular  ma.sses  up  to 
10  mm  in  (liameter  were  found  between  the  right  lower  lobe  and  the  diaphragm, 
with  ill-defined  edges  blenfling  into  the  adhesions.  These  nodular  masses  simu- 
lated tumors,  but  microscopically  were  found  to  consist  of  necrotic  ti.'^sue  and 
calcification  .surrounrled  by  granulomatous  inflammation  or  fibrosis. 

Very  different  were  the  findings  in  four  hamsters  in  which  the  chest  was 
largely  filled  with  .solid  masses  of  tumor  tissue.  These  tumors  compressed  the 
lungs  and  lay  between  them  and  the  chest  wall  (F\g.  2).  The  first  was  found 
in  a  hamster  sacrificed  because  of  labored  respiration  244  days  after  injection 
of  amosite.  It  was  a  40  x  20  x  15  mm  mass  that  nearly  filled  the  thorax  and 
extended  through  the  diaphragm  into  the  abdomen.  It  was  composed  of  plump. 


m?:sotiii:li().mas  koi.luwinc  A>iiK>Tos  injection 
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pleomorpliic  polygonal  ci'Us  (Fig.  3i  and  ^^our'  areas  of  spindle  cells  (Fig.  4). 
Xumerous  metastases  coni[)osed  of  spindle  cells  were  found  in  the  liver  (Fig.  5). 

On  the  358th  day,  another  of  the  aniosite-treated  hamsters  was  sacrificed 
because  of  severe  ascites  due  to  fluid  containing  tumor  cells.  All  lobes  of  the 
light  lung  were  encased  by  dense  yellow  adhesions,  l)ut  on  the  diaiihragmatic 


Fig.  2.  Sagittal  section  of  tlio  thorax  of  a  liamstor  ?ho\vins  a  large  intrapleural  tumor 
(white)  comprossing  right  lung  and  displacing  heart  anteriorly-.  The  ujijier  surface  of  the 
compressed  right  lower  lohe  is  hound  to  ihe  tumor.  The  base  of  tiiis  hilie  is  Ixmnd  to  the 
diaphragm  dense  filjrous  adhesion,-.  .■>inular  adhesions  hind  the  \<:\~i-  of  I  hi  heart  to 
the  diaphragm.  .527  days  aftei'  intrapleural  injection  of  iiar-h  chiysot il(   ,|>^(^-lo-  lihers. 

aspect  of  the  right  lower  lobe  there  was  a  solid  mass  of  grayish  white  tumor 
tisstie  25  mm  in  diameter  which  had  penetrated  the  diajihragm.  It  consisted  of 
irregrfso^y  shaped  polygonal,  sometimes  elongated  cell.<.  TIuto  were  at  least 
50  nodules  of  such  tumor  tissue  1  to  11  mm  in  diameter  in  the  mesentery. 
jNIeta.stases  were  found  in  lymph  nodes,  lunii-.  th>  nnis.  liver  and  kidney. 

In  the  group  treated  with  harsh  chrysotile,  mesotheliomas  were  found  in  two 
hamsters,  one  examined  on  the  419th  day  and  the  otlier  on  the  527th  day.  In 


Ml  ta~ta.sis  in  liver  I'lum  nuuiir  lUu-iiated  in  Figures  3  and  4.  Metastasis  consists 
mainly  cji  >|:imdle  cells.  (550  X) 

Fig.  6.  Mesothelioma,  spindle  cell  type,  infiltrating  chest.  Note  remnants  of  muscle  fibers 
(arrow).  Tumor  demonstrated  in  the  gross  in  Figure  2.  (550  X) 
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the  ^^^^<t  of  thof^i'.  sacrificod  bfcausc  of  i)aralysi5;  of  both  hind  k'g.s,  a  30  x  20  x 
15  nun  solid  tumor  hiy  between  the  right  lung,  chest  wall  and  vertebral  cohunn. 
It  consisted  of  densely  packed,  basophilic,  elongated  cells.  No  metastases  were 
found.  Pieces  of  this  tumor  were  transi)lanted  into  the  right  posterior  thigh 
muscles  of  6  young  adult  hamsters.  The  transplanted  tissue  grew  progressively. 
Ten  weeks  after  transplantation,  solid  tumor  masses  50  to  70  mm  in  diameter 
had  developed  at  the  trans])lant  sites  in  each  of  tliese  new  hosts.  Also  in  each  of 
these  new  hosts,  metastases  were  found  in  the  lungs.  The  cells  of  the  trans- 
planted tumor,  and  of  its  metastases,  resembled  those  of  the  oiigiiial  tuiuor. 

In  the  original  group  of  hamsters,  an  animal  ob.><erved  to  lunc  lahoicd 
respiration  on  the  527th  day  after  intrai)leural  injection  of  harsh  cln ysotilc  was 
sacrificed  on  that  day.  There  was  a  solid,  fine  textured,  hard,  white  tumor 
lying  between  the  heart  and  the  vertel)ral  column  and  disi)lacing  the  lungs 
do\™ward  (Fig.  2).  The  lungs  were  bound  to  the  chest  wall  and  diai)hragiii  by 
adhesions  or  tumor.  This  tumor  was  coni])osed  of  spindle  cells  that  infiltrated 
the  chest  wall  (Fig.  61. 

In  addition  to  the  four  massive  tumors  mentioned  aboA-c,  a  sinall  tumor  was 
found  in  a  pleural  adhesion  of  a  hamster  examined  on  the  482nd  day  after  in- 
jection of  amosite.  The  border  of  this  tumor  and  the  gianuloniatous  tissue  of 
the  adhesions  is  shown  in  Figure  7.  A  more  anaplastic  area  of  the  tumor  is  il- 
lustrated in  Figure  8. 

No  tumors  were  found  in  the  pleural  space  of  hamsters  treated  with  the 
long-fiber  preparation  of  soft  chrysotile,  but  islands  of  epithelial-like  cells 
were  prominent  in  pleural  adhesions  in  this  group  (Fig.  1).  In  one  animal  of 
this  group,  there  was  a  firm  spherical  mass,  11  mm  in  diameter,  in  the  right 
axilla.  This  ])i-oved  to  be  a  fibrosarcoma  enclosing  a  deposit  of  asbestos  fibers. 

No  tumors  wei'i'  fovnid  in  the  vmtreated  control  group. 

Hist()l()a;ical  studies  of  the  gasti'ointestinal  tracts  from  the  animals  of  all 
groujjs  have  not  yet  been  completed.  In  each  group,  several  animals  still  sur- 
vive. 

DISCUSSION 

The  location  of  the  five  tumors  between  the  lung  and  chest  wall  resembled 
the  location  of  tumors  described  as  pleural  mesotheliomas  in  man  llOl.  One  of 
the  large  tumors  found  in  amosite-treated  hamsters  resembled  tumors  de- 
scribed as  the  epithelial  type  of  mesothelioma  in  man,  another  resembled  the 
mixed  epithelial  and  fibrous  type.  The  neojilastic  nature  of  these  two  hamster 
tumors  was  attested  by  invasive  growth  and  distant  metastases.  The  two 
large  tumors  found  in  hamsters  treated  with  harsh  chrysotile.  and  the  small 
tumor  in  one  of  the  amosite-treated  animals,  resembled  tumors  desciibed  as 
the  fibrous  type  of  mesothelioma  in  man.  The  neoplastic  nature  of  one  of  these 
hamster  tumors  was  demonstrated  by  successful  transplantation  to  new  hosts. 
Islands  of  epithelial-like  cells,  sometimes  lining  narrow  clefts,  were  found  in 
pleural  adhesions  of  hamsters  in  which  a  diagnosis  of  tumor  was  not  made. 
These  islands  are  of  interest  as  possible  precursors  of  tubular  tyjies  of  meso- 
theliomas. 
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Further  oxporiiiu'iUal  studio.^  on  effects  of  asbestos  in  animals  are  reported 
elsewhere  (11.121. 

COXCLISIOXS 

The  golden  Syrian  hamster  is  a  .suitable  s|)eeies  for  investij;ation  of  l)io- 
logical  effects  of  asbestos. 

Pleural  mesotheliomas  were  induced  in  hamsters  by  two  varieties  of  asbes- 
tos. Evidence  is  i)re.sented  for  the  neoi)lastic  nature  of  these  tumors. 
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Meningioma  of  llie  Falx-Tentorial  Angle  with 
Sueeessfiil  Removal:  A  Case  Ke^port 

SIDNEY  W.  GROSS,  M.D.,  and  PHILIP  LEVIX,  iM.D. 
Xcw  York,  X.  Y. 

^Meningiomas  of  the  falx-tentorial  angle — carve four-falco-toitoricl  (CFT) 
(1) — are  rare.  Surgical  removal  of  tumors  in  this  area  is  difficult  and  I'clativcly 
few  successful  removals  have  been  acconiiilislied.  The  following  case  with  its 
interesting  clinical,  radiographic,  and  operative  features  is  rei)orti'd. 

CASE  RKI'ORT 

The  patient,  a  58  year  old,  right-handed  female  was  admitted  to  The  Mount 
Sinai  Hospital  on  November  23,  1961.  She  comiilaincd  of  a  staggering  gait  of 
two  weeks'  duration.  The  patient  had  noted  decreased  hearing  in  the  right  ear 
one  year  previously.  The  hearing  loss,  associated  with  tinnitus,  had  l)een 
progressive.  Two  episodes  of  vertigo  had  occurred.  Two  weeks  prioi'  to  ad- 
mission the  patient  noted  that  she  was  unsteady  and  wovdd  stagger  to  the  right. 
She  had  noted  some  weakness  and  diminished  dexterity  of  the  right  hand; 
however  she  had  been  able  to  continue  work  as  a  machine  operator. 

Exaniination 

The  gait  was  slow,  shuffling,  and  unsteady;  there  was  a  tendency  to  fall  to 
the  right.  Turning  to  the  right  was  more  difficult  than  turning  to  the  left.  A 
left  central  facial  weakness  and  a  left  homonymous  hemiamblyopia  was  pres- 
ent. There  was  no  nystagmus.  However,  normal  opticokinetic  nystagmus  was 
absent.  The  right  corneal  reflex  was  diminished  and  there  was  A-ariable  sensory 
loss  in  the  distribution  of  the  right  trigeminal  nerve.  Air  conduction  and  bone 
conduction  were  diminished  in  the  right  ear.  Fine  movements  of  the  left  hand 
were  impaired;  there  was  a  left  hemisensory  defect  to  double  simultaneous 
stimulation.  The  reflexes  were  within  normal  limits.  There  was  no  finger-to- 
nose  ataxia.  Ice  water  calorics  revealed  no  response  in  the  right  car  but  a 
prompt  response  in  the  left  ear.  The  Bekesy  audiogram  showed  no  lecruitment 
and  no  tone  decay. 

The  electroencephalogram  done  on  admission  was  normal.  However,  the 
postoperative  brain  wave  test  showed  bilateral  cerebral  dysfunction  accentu- 
ated in  the  right  posterior  cerebral  region.  The  cerebrospinal  fluid  protein  was 
59  mg%. 

The  pneumoencephalogram  revealed  the  lateral  ventricles  to  l)e  somewhat 
enlarged.  The  pineal  gland  was  calcified  and  displaced  forward  and  to  the  right. 
The  posterior  part  of  the  third  ventricle  was  markedly  displaced  forward.  The 
fourth  ventricle  was  depressed  downward  and  slightly  anteriorly.  The  aque- 

From  the  Department  of  Neurological  Suigerv,  The  Mount  Sinai  Ho.spital,  New  York, 
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duct  was  not  seen.  The  lateral  autotomogram  (Fig.  ll  tlcinonstrated  tlie^c 
features.  Other  roentgenograms  (not  presenter!  I  disclosed  in  the  region  of 
the  falx  crescentic  air  shadows  which  outlined  a  large,  almost  spherical,  mass. 
The  air  shadow  under  the  tentorium  appeared  cut  off  in  its  anterior  half, 
prohai)ly  outlining,  thus,  the  posterior  margin  of  the  tumor.  The  air  shadow 
in  the  cistern  of  the  velum  interpositum  was  displaced  upward  and  forward. 
There  was  no  air  in  the  right  cereix'llo-pontine  angle. 


Fig.  1.  Pnf  iimo(  ii<  (  i)li:ilogram  (lateral  autotomogram)  reveal.*  downwanl  disiilacemi  iit  of 
the  fourtli  ventricle.  The  i)Ofiterior  jwrtion  of  the  third  ventricle  i.«  vi.^ualized  and  is  markedly 
displaced  anteriorly.  The.se  structures  surround  the  menintrioma  arising  lioin  tlie  tentorium 
at  the  falx-tentorial  angle. 

The  right  carotifl  angiogram  revealed  the  anterior  cerebral  artery  to  be  in  the 
miflline.  There  was  a  rather  wide  sweep  of  this  artery  in  the  lateral  view.  The 
middle  cerebral  artery  was  slightly  displaced  laterally.  The  posterior  part  of 
the  anterior  choroidal  artery  was  slightly  anteriorly  displaced.  In  the  venous 
pha.se,  there  was  marked  elevation  of  the  posterior  part  of  the  internal  cerebral 
vein.  Running  from  the  posterior  end  of  the  internal  cerebral  vein  of  (lalen 
there  was  a  large  vein  traversing  the  falx  and  draining  into  the  superior  sagittal 
sinus.  The  straight  sinus  was  only  faintly  visualized.  The  connection  be- 
tween the  vein  of  Galen  and  the  anterior  end  of  the  straight  sinus  was  not  seen. 
These  findings  suggested  a  blockage  of  either  the  anterior  part  of  the  straight 
sinus  or  the  posterior  i)art  of  the  vein  of  CJalen  with  collateral  circidation  be- 
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twt'on  thf  iiitei'ual  vi'in  and  the  superior  sajiittal  sinus  tlu()U<2;li  the 

dural  sinus  of  tlic  falx. 

A  right  vertebral  an<iio^ram  showi'd  the  l)asilar  ai-tci'v  to  he  ])ushc'(l  forward 
and  in  close  contact  with  the  clivus.  The  medial  and  lateral  posterior  choroidal 
arteries  were  displaced  forwaid.  The  posterior  cerebral  arteries  were  dis- 


FiG.  2.  Right  vertebral  ansjiograin.  The  meningioma  stain  is  clearly  x  isualized.  Arrows  sur- 
round the  tumor.  Compare  this  study  with  the  pneumoencephalograni. 

placed  laterally.  The  midportions  of  the  superior  cerebellai'  arteries  were  de- 
pressed downward.  There  was  a  large  meningeal  aitery  running  in  the  midline 
along  the  posterior  aspect  of  the  posterior  fossa  and  through  the  fal.x-tentorial 
angle  supplying  blood  to  a  large  tumor  located  in  the  jjosterior  poi'tion  of  the 
tentorial  notch.  This  large,  staining  mass  measured  13  cm  in  height  and  10  cm 
in  length  (Fig.  2l.  The  straight  siiuis  was  not  vistudized.  The  roentgenologic  im- 
pression was  a  meningioma  ai'ising  from  the  fal.x-tentorial  angle. 
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( )per(ition 

The  first  operation  was  carried  out  on  December  11 ,  19()1 .  I'lulcr  cnilotraclieal 
anesthesia  and  hypothermia,  the  right  ventricle  was  cannulatfil  via  a  liiiht 
frontal  burr  hole  and  the  fluid  was  noted  to  be  under  increased  pressure.  A 
right  reverse  Frazier  flap  was  turned.  A  low  bone  flap  was  turned  to  expose 
the  occipital  and  parietal  lobe.  The  occipital  lobe  was  pai'tially  ri'scctcd  and 
retracted.  A  firm,  non-suckahle,  vascular  meningioma  was  found  at  the  falx- 
tentorial  angle  rxtt'iKlinij;  tlii-ough  the  incisura.  The  tentorium  was  dix-idcd  and 
the  tumor  partiallx'  hci  iuatcil  fi-()iii  the  postci'loi'  fossa.  The  tumor  was  hiopsird 
since  removal  appealed  to  he  a  formidable  ]M-oce(lui-e. 

( 'oiirsc 

Following  operation  the  patient  made  a  slow  recovery.  A  left  homonymous 
hemianopsia  was  present.  Her  gait  im|)roved.  ;>he  was  discharged  to  a  con- 
valescent home  on  .l;iiiuai>'  191)2. 

Following  discharge  tlic  patient  did  well  as  a  housewife  until  INlay  1962.  At 
that  time  progressive  gait  difficulty,  progressive  recent  memory  defect,  trouble 
feeding  and  dressing  herself,  and,  finally,  urinary  incontinence  occurred.  The 
patient  was  placed  in  a  nursing  home.  She  was  readmitted  for  cAaluation  on 
July  29,  19()2.  Physical  examination  at  that  time  re\-eale(l  fullness  of  the  right 
occipital-parietal  flap.  Neurological  examination  revealed  that  the  patit'iit  was 
unable  to  walk  without  support.  She  was  alert  but  disoriented  as  to  the  day 
of  the  month.  The  patient  acknowledged  her  mentation  def<'cts.  She  was  slow 
to  understand  and  execute  commands.  Right-left  disorientation  was  present. 
A  dense  left  homonymous  hemianopsia  and  mild  left  f.arial  weakness  were  pres- 
ent. The  right  corneal  reflex  was  absent,  Aii'  and  hone  conduction  were  dimin- 
ished in  the  right  car.  Ujjward  gaze  was  imi)aired;  theic  was  no  nystagmus. 
Power  in  the  extremities  wa-  good.  Mild  hy])e!refiexia  was  picsent.  The 
superficial  abdominal  reflexes  were  absent.  The  toes  did  not  move  on  ])lantar 
stimulation.  There  was  a  left  hemihypcsthesia  to  ])in  jirick  as  well  as  position 
sense  errors  in  the  left  toes.  There  was  dystereognosis  of  the  left  hand.  There  was 
no  gross  finger-to-nose  ataxia. 

Pneumoencephalogram  demonstrated  marked  enlargement  of  the  lateral  and 
third  ventricles.  The  i)osterior  third  ventricle  antl  ])ineal  were  displaced 
forward.  The  aqueduct  and  fourth  ventricle  were  displacecl  foi  ward  and  down. 
The  fourth  ventricle  was  moderately  enlarged.  The  medial  wall  of  the  right 
atrium  was  indented  by  a  large  midline  mass  which  was  located  in  the  posterior 
portion  of  the  falx-tentorial  notch.  The  vertebral  angiogram  was  essentially 
unchanged  from  previous  examination. 

Scconil  Operation 

After  fidl  evaluation,  a  total  removal  of  the  tumor  was  ])lanned  to  reverse 
the  inexorable  progression  of  symptoms.  Steroids  were  begun  the  day  prior 
to  surgery.  On  August  Hi,  1962,  endoti'aclieal  anesthesia  was  begun  and  the 
patient   was  ])Iaced  on  the  hy pot hei-nii;i  blanket.  The  teinpei-at ui'e  drop|)ed 
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from  92°F  to  83.5°F  iluring  surgical  removal  of  the  tumoi\  A  catheter  was 
placed  in  the  right  frontal  horn  and  the  bone  flap  was  re-elevated.  Bleeding 
from  the  posterior  portion  of  the  longitudinal  sinus  was  controlled  with  silver 
clips  and  sutures.  The  tumor  appeared  to  be  larger  than  at  the  oi)erative  pro- 
cedure nine  montlis  previously.  A  wedge  of  the  tentorium  was  removed.  After 
freeing  the  superior  surface  of  the  tumor,  the  capsule  of  the  tumor  was  opened 
and  the  contents  were  removed  with  curets,  suction,  and  the  electric  looj).  There 
was  considerable,  but  never  uncoiitrollahle,  l)l('t'diiig.  Finally  tlu'  capsule  and 
remaining  tumor  were  removed.  The  sitt-  oi  oiigin  tVom  the  uiidersurfacc  of 
the  tentorium  was  partially  excised.  A  >uiall  nuhl)in  of  tuiiioi-  was  i-ciiioxcd 
from  the  superior  surface  of  the  tentoriuiu  and  the  liasc  was  cliaiTcd.  Tlie 
procedure  lasted  five  hotu's;  the  jjatient  reciuired  foui'  units  of  l)lood.  Thirty 
grams  of  tumor  were  sent  to  the  neuropathology  lal)oi'atory. 

Course 

During  the  first  30  hours  following  surgery  the  patient  responded  in  the 
usual  fashion.  She  moved  all  extremities  though  jKiicsis  of  the  left  upper  ex- 
tremity was  present.  Nystagmus  and  bilateral  Bal)iiiski  responses  were  noted. 
She  said  "yes"  on  the  evening  of  the  operati\c  proccduic.  Thiity-two  hours 
after  surgery,  the  patient  suddenly  coughed  ami  \\  a.-  monicntarily  apneic.  The 
patient  then  became  lethargic  and  respiratory  difficulty  with  suprasternal  re- 
traction commenced.  Caffeine  sodium  benzoate,  500  mg,  was  given  intravenously 
with  some  improvement.  The  patient  icplied  verbally  and  moved  all  extremities 
on  command.  The  \(ntricuhii'  catheter  was  opened  but  no  fluid  refluxed.  A 
tracheotomy  wa>  perfoimiMl  one  hour  after  the  onset  of  resjiiratory  difficulty 
with  imiirovenient  of  respirations.  Hccause  of  her  semicomatose  condition,  90 
grams  of  urea  (as  a  30  per  cent  solution  in  10  per  cent  in\-ert  .^ugarl  was  given 
intravenously.  Slow  impro\-enient  occurred  in  the  next  4S  hour>.  Stcioids  were 
discontinued  4  days  after  surgery  because  dark  brown  mateiial  iguaiac  posi- 
tive) was  aspirated  from  the  nasogastric  tube. 

One  week  after  operation  the  patient  was  alert  and  oriented  to  date  and 
person.  Progressive  imiM-o\-enient  continued  despite  pei'sistence  of  fever  and  a 
disconcertingly  large  sul)galeal  fluid  collection.  By  Octobei'  29,  1962.  the  day 
of  di-chartii'.  the  patient  was  vastly  im])roved.  She  was  alile  to  walk  by  lu'r- 
sell.  She  wa^  alile  to  dres.-  hei'self  and  was  not  incontinent.  She  was  fully  ori- 
ented to  date  and  was  awart'  of  current  e^"ents.  Sei'ial  subtraction  was  well 
done.  Her  handwriting  was  legible.  Full  tipwai'd  gaze  was  present.  The  left 
visual  field  defect  was  unchanged.  However,  the  left  hemisensory  defect  was  im- 
proved. 

She  was  hospitalized  at  a  convalescent  home  foi-  three  months  and  then  re- 
turned to  her  home.  When  last  seen,  \\)n\  8,  1963,  her  mental  condition  was 
normal.  She  kept  her  own  home  and  did  her  own  cooking  and  laundry.  She 
shopped  in  the  company  of  her  daughtei-.  She  was  ficc  of  headache.  Examination 
revealed  a  cautious  but  not  ataxic  gait.  She  was  able  to  walk  without  as- 
sistance. The  left  visual  field  defect  remained.  The  fundi  were  normal.  Hearing 
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was  iuii)roving  in  the  right  oar.  >s'eurological  examination  was  otherwise  un- 
reniarkabk\ 

Pathological  Report 

Sections  showed  a  liighly  celkdar  meningioma  in  wliich  tlie  cells  were  uni- 
form, fusiform  in  shape,  and  contained  large,  iiiodnately  staining  nuclei.  The 
nuclei  varied  in  shape;  some  were  oval  and  otlu'is  were  moderately  elongated. 
The  cytoplasm  was  eosinophilic  and  fd)r(His  with  a  pooi'ly  defined  cell  mem- 
brane. The  cells  w-ere  arranged  in  broad  slieets  oi-  inteisecting  columns.  A  thin, 
dense,  fibrous  connective  tissue  membrane  was  attached  to  the  tumor. 

DISCISSION 

Meningiomas  of  the  pineal  region  and  posterior  \invt  of  the  tlnrd  ventricle 
may  ari>e  fiom  the  falx-tentorial  angle  i(TTl  or  the  velum  intcrpositum  (\T) 
of  the  thiiil  \-entricle.  A  total  of  27  cases  have  been  reviewed  in  the  literature 
(2-5).  Of  these  cases  22  were  opei'ate<l  upon.  In  16  cases  the  tumor  was  ap- 
proached directly  with  an  attempi  at  total  remo\al.  Of  these  cases  10  had  a 
successful  outcome. 

In  two  successftdly  operated  cases  of  CFT  meningioma,  Olivecrono  ap- 
proached the  tumor  via  a  parieto-occipital  exposure  (61.  The  tentorium  was 
split  about  one  centimeter  from  the  straight  sinus.  In  the  first  case  the  tumor 
stretched  through  the  tentorial  notch  to  the  dorsal  surface  of  the  cerebellum. 
It  was  removed  by  suction.  In  the  second  case  the  splenium  of  the  corpus 
callosum  was  split.  After  this  a  firm,  vasctdar,  gray-yellow,  well-defined  tumor 
was  encountered  under  the  clioroid  ])lexiis  of  the  third  \-enti  icle.  It  extended  to 
the  left.  A  large  vein  coiu'sing  across  the  tunioi'  i ".'  iiiteiiial  cerel)ral  vein)  was 
ligated.  Upon  removal  of  the  ttnnor,  the  imjji-ession  of  tlu'  (luadrigeminal  |)latc 
could  be  .«een. 

Heppner  (7)  reported  two  successftd  cases  in  children  u-elum  iiiteipositum 
origin).  One  tumor  was  approached  via  an  occipital  fla|).  The  occipital  pole 
was  retracted  and  the  tentorium  split  one  centimetei'  lateral  to  the  straight 
sinus.  A  tumor  mass  was  found  immediately  bcneatli  tlie  tentoritnn  and  re- 
moved piecemeal.  The  main  part  of  the  tmnor  was  adjacent  to  the  cjuadri- 
geminal  plate.  It  pushed  the  choroid  plexus  of  the  third  ventricle  forward.  There 
were  bilateral  expansions  into  tlu;  ambient  cisterns.  The  branches  from  the 
posterior  choroidal  and  anterior  superior  cerebellar  arteries  which  supjilied 
the  tumor  were  clipped.  In  the  other  case,  the  tumor  was  totally  removed  by 
a  parietal  transventricular  a!)|)roacli.  The  tumor  was  adherent  to  th<'  \-elum 
intcrpositum. 

Araki  (8j  reported  two  cases  winch  did  well  following  surgery.  Both  tumors 
were  approached  by  splitting  the  coipus  callosum.  The  first  j)atient  died  15 
months  after  surgery.  Horrax  removed  a  40  gram  tumor  overlying  the  corpora 
quadrigemina  (9) .  The  tumor  was  exposed  by  occipital  lobectomy.  Poppen  re- 
moved a  meningioma  arising  from  the  incisura  (CFT)  through  a  right  occipital 
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bone  flap,  resecting  the  right  occipital  lol)e  (ol.  The  patient  died  from  a  puhiio- 
nary  embolus  three  months  after  discharge. 

One  successful  case  was  done  by  Olivecrono  (CFT  meningioma  !  by  a  com- 
bined infratentorial  and  supratentorial  apjiroach  (2).  Rozier  i-emoved  a 
meningioma  by  the  infratentorial  approach  (4).  This  tumor  presente<l  in  the 
superior  vermis  and  separated  the  cerebellar  hemispheres.  It  arose  from  the 
tentorium,  most  likely  in  the  CFT  region. 

There  were  six  unsuccessful  cases.  Three  were  rejiorted  by  Castellano  and 
Ruggiero  (21.  In  these  cases,  the  initial  approach  was  infratentorial.  In  two 
cases,  additional  tumor  was  removed  later  hy  the  supratentorial  ajiproach. 
Castellano  and  Ruggiero  discussed  the  operati^•e  features  of  tentorial  meningi- 
omas (2).  Four  advantages  of  the  supratentorial  ai)i)roach  were  listed: 

1.  It  affords  better  visualization. 

2.  It  facilitates  resection  of  the  infiltrated  portion  of  the  tentorium. 

3.  Early  section  of  the  tentorium  around  the  site  of  attachment  reduces 
bleeding. 

4.  In  cases  of  perforating  meningioma  it  permits  total  extirpation  in  one 
stage. 

They  discuss  two  of  the  ah(n-e  cases  in  which  the  patient  underwent  suboc- 
cipital craniectomy.  In  each  case  the  operation  was  difficult.  In  one  case  the 
patient  had  a  stormy  postoperative  course  and  was  left  in  poor  physical  condi- 
tion with  marked  ataxia  of  the  right  hand.  In  another  case,  respiratory  arrest 
followed  the  suboccipital  approach.  In  this  patient,  a  parietal-occipital  flap  was 
turned  the  following  day  and  the  residual  tumor  removed.  However,  the  pa- 
tient expired  on  the  fourth  postoperative  day.  Considering  the  diffiiculties  en- 
countered with  the  suboccipital  (infratentorial)  approach,  they  deem  the 
supratentorial  approach  indispensable  in  CFT  I  f  alx-tentorial  angle)  meningi- 
omas. 

Heppner  (6)  reported  two  unsuccessful  cases  of  CFT  meningioma  in  which 
the  supratentorial  approach  was  utilized.  The  first  was  a  21  year  old  male  who 
expired  three  days  after  surgery.  Pathological  examination  revealed  that  the 
left  internal  cerebral  vein  had  been  clipped.  The  second  was  a  2  year  old 
child  who  expired  postoperatively. 

Barrows  and  Harter  (10)  reported  a  47  year  old  female  who  underwent 
occipital  craniotomy  under  hypothermia.  Ventricular  fibillation  occurred  dur- 
ing the  procedure  and  the  patient  expired.  Autopsy  revealed  a  meningioma  in 
the  incisural  notch  arising  from  the  tentorium. 

.SUMMARY 

A  case  of  successful  removal  of  a  CFT  (f alx-tentorial  angle)  meningioma  is 
reported.  This  represents  the  eleventh  case  in  the  literature  in  which  a 
meningioma  was  successfully  removed  from  the  region  of  the  pineal  and 
posterior  part  of  the  third  ventricle.  The  operative  cases  from  the  literature  are 
briefly  reviewed. 
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Pancreatitis  and  Its  Complications:  Combined 
G.I.  Surgical  Conferences 

Discussant:  DAVID  A.  DREILl.XC.  M.D. 
Xrir  York.  X.  V. 

Tlic  Combined  G.I.  Surgical  Conference  on  "Pancreatitis  and  Its  Complica- 
tions" convened  at  The  Mount  Sinai  Hospital.  New  York,  N.Y..  Clinical  Amijlii- 
theater  at  ten-thirty  .\.m..  Dr.  L.  Burrows,  presiding. 

Dr.  Burroirs:  We  decided  to  have  a  conference  today  on  jjancreatitis  and 
its  complications.  Unfortunately,  on  the  surgical  wards  at  Mount  Sinai,  we  do  not 
see  as  many  cases  of  pancreatitis  as  they  do  at  the  city  hospitals,  hut  now 
that  we  are  affiliated  with  Greenpoint.  we  see  many  cases  of  jiancreatitis  there. 

Now,  I  do  not  know  whether  we  see  tln'iu  tlieic  l)ecause  of  the  different  eco- 
nomic groups  that  we  service  at  Greenpoint  or  because  we  have  Dr.  Dreiling 
as  our  Chief  there;  but.  nevertheless,  they  do  turn  up  at  (Greenpoint.  and  in  the 
last  month  or  so  we  have  had  some  fascinating  cases  appear  on  the  medical  and 
surgical  wards  of  that  hosintal.  To  l)egin,  we  are  going  to  have  Dr.  Feldman 
present  a  few  of  these  cases. 

Dr.  Feldman:  The  first  case  is  ^Nlrs.  K.  She  was  a  37  year  old  alcoholic  who 
was  admitted  on  November  30.  1963,  with  a  four-day  history  of  acute  epigastric 
and  left  upper  cjuadrant  pain  radiating  to  the  back.  This  was  associated  with 
anemia  and  fever.  X-rays  of  the  chest  revealed  an  elevated  left  diaphragm  and 
blunting  of  the  left  costophrenic  angle.  The  admission  flat  him  of  the  abdomen 
disclosed  pancreatic  calcification,  an  associated  sentinal  loop;  and  thus  was 
suggestive  of  acute  i)ancreatitis. 

In  the  past,  the  patient  gave  a  hi>tory  of  having  three  i)revious  similar  epi- 
sodes ten  years  prior  to  her  present  admi>sion  at  Giceni)oint. 

On  physical  examination,  the  patient  weighed  75  pounds.  She  had  a  mas> 
in  her  left  upper  quadrant  which  was  very  tender.  She  had  a  markedly  ehv  ated 
white  count.  Serial  amylase  determinations  re^•ealed  an  elevation  above  oOO 
units  and  in  addition,  she  exhibited  an  increased  fasting  l)lood  sugar. 

A  diagnosis  of  acute  pancreatiti.-  was  made  and  therapy  included  nonopera- 
tive  management  in  which  the  patient  was  given  antil)iotics.  intravenous  fluids. 
Levin  tube  and  administration  of  blood. 

Serial  G.I.  series  defined  the  mass  in  her  left  u})i)er  quadrant  and  its  decrease 
in  size.  The  fever  resolved  within  the  first  ten  (lay>  of  hosiiitalization.  The 
tenderness  decreased  and  the  mass  was  not  palpable  after  the  second  week. 

Her  serum  amyla.se  was  followed  serially.  The  amylase  remained  elevated 
above  the  600  range  and  her  sedimentation  rate  was  consistently  in  the  70 
range.  The  patient  gained  10  pounds  while  in  the  hosihtal  over  a  2V2  month 
period.  Her  clinical  condition  improved  markedly. 

Dr.  Burrov.i::  Before  we  show  the  patient's  x-rays,  I  want  to  apologize  to 
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the  (i.I.  group.  We  could  not  obtain  these  x-rays  from  Greenpoint  Hospital 
until  late  last  evening,  and  Dr.  Frankel.  at  very  short  notice,  has  consented 
to  read  the  films  today. 

Dr.  A.  Frankel:  In  lieu  of  a  radiologist,  I  will  just  briefly  point  out  the  radio- 
graphic documentation.  These  are  selected  plates  from  three  separate  G.I. 
series  which  demonstrate  a  large  extrinsic  filling  defect  on  the  fundus  of  the 
stomach.  These  films  were  taken  on  the  third  of  December  and  show  this  large 
defect  in  the  lateral  projection. 

The  film  that  Dr.  Feldman  just  ])ut  up  demon.strates  calcification  presumably 
in  the  pancreas.  A  comparable  lateral  film  taken  several  weeks  later  suggests 
a  slight  decrease  in  the  size  of  the  mass.  Here  on  January  15th,  in  a  slightly 
dift'erent  projection  which  is  difficult  to  compare,  we  see  this  defect  which  is 
notably  smaller.  The  radiologists  at  Greenpoint,  who  have  reviewed  all  the 
projections,  feel  that  this  represents  approximately  a  40  to  50  per  cent  reduc- 
tion in  the  volume  of  a  presumed  pseudocyst  projecting  on  the  posterior  wall  of 
the  stomach. 

Dr.  Feldman:  The  second  case  of  pancreatitis  has  as  its  etiology  the  associa- 
tion of  gallbladder  disease  rather  than  alcoholism. 

This  is  a  79  year  old  diabetic  male  who  entered  on  December  9,  1963,  with  an 
18  hour  history  of  generalized  abdominal  pain  associated  with  nausea,  vomiting 
and  diarrhea.  There  was  no  previous  history  of  jaundice  or  fatty  food  intolerance 
or  previous  G.I.  disturbance. 

Following  admission,  serial  amylase  determinations  revealed  an  initial  serum 
amylase  of  147  and  at  four-hour  intervals,  300,  700,  and  then  500.  In  addition, 
on  x-ray.  there  was  elevation  of  the  diaphragm  and  a  vague  suggestion  of 
pancreatic  calcification.  His  abdomen  was  markedly  tender,  especially  in  the 
right  upper  quadrant.  He  also  was  managed  conservatively,  with  Levin  tube 
drainage,  intravenous  fluids,  and  antibiotics.  There  was  subsidence  of  tender- 
ness in  the  right  upper  quadrant  and  decrease  in  serum  amylase  values. 

A  secretin  test  on  this  patient  revealed  an  elevated  icteric  index  with  a  normal 
pancreatic  function.  An  oral  cholangiogram,  taken  after  the  subsidence  of  his 
acute  abdominal  pain,  revealed  nonvisualization  of  the  gallbladder  and  common 
duct.  An  I.V.  cholangiogram  revealed  a  normal  visualization  of  the  common 
ducts  with  nonvisualization  of  the  gallbladder. 

Dr.  Frankel:  These  films  briefly  represent  what  has  just  l)een  described. 

This  film  represents  a  double  dose  oral  cholecystogram  ])lus  an  I.V.  cholangio- 
gram, and  these  films  are  representative  tomographic  cuts  showing  a  relatively 
normal  common  duct  with  nonvisualization  of  the  gallbladder. 

Dr.  Feldman:  The  final  case  is  a  68  year  old  Polish  female  who  was  ad- 
mitted November  30.  1963.  with  a  one-week  history  of  acute  onset  of  al)- 
dominal  pain  associated  with  nausea  and  vomiting.  There  was  no  previous 
histoiy  of  jaundice  or  fatty  food  intolerance. 

On  physical  examination,  the  liver  was  firm,  smooth  anrl  three  fingerbreadths 
down.  A  ma.ss  was  noted  in  the  epigastrium  whicli  was  fixed  and  nonpulsatile. 

The  admission  white  count  was  20,000  with  a  shift  to  the  left.  She  exhibited 
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an  elevated  .sedimentation  rate  and  serum  amylase  determinations  wn-e  always 
above  200. 

A  calcified  mass  was  noted  in  the  re<iion  of  the  gallbladder  on  I'outine  ab- 
dominal films.  Xonoperative  management,  including  Levin  tube,  antibiotics 
and  nothing  by  mouth,  did  not  lesult  in  any  impiovement. 

On  the  twenty-fifth  hospital  day,  abdominal  exjiloration  revealed  a  mass  in  the 
lesser  sac.  During  the  dissection,  pus  was  encounteicd  in  a  pancreatic  abscess 
which  was  drained. 

Liver  biopsy  taken  at  the  time  of  surgery  showetl  ])erii)ortal  fil)rosis.  Culture 
of  the  purulent  material  revealed  Pseudomonas  and  Stai)hylococcus  aureus. 

Postoperatively,  serial  sinograms  wwv  used  to  delineate  the  size  of  the  abscess 
cavity.  A  secretin  test  revealed  normal  panereatic  study  and  a  depressed  icteric 
index. 

Question:  Did  this  tract  continue  to  drain  pus? 
Dr.  Feldman:  Yes.  Minimal  amounts. 

Dr.  Frankel:  A  G.L  series  shows  flattening  of  the  widened  .sweep  of  the  du- 
odenum in  its  medial  aspect.  There  is  a  suggestion  of  displacement  of  the  antral 
portion  of  the  stomach  by  an  extrinsic  mass.  No  pancreatic  calcification  is  seen, 
but  a  rim  of  calcification  is  seen  in  the  gallbladdei-.  Thei'e  is  a  mushroom  cathe- 
ter in  the  absei>s  cavity  through  whicli  contrast  me(lia  was  introduced.  The 
contrast  media  readily  jiasses  into  the  G.L  tract,  outlining  the  fundus  of  the 
stomach,  the  antra!  region  and  the  swee]!  of  tlie  duodenum.  There  is,  therefore, 
a  communication  between  the  abscess  cavity  and  the  stomach  or  duodenum. 

Dr.  Biirroirs:  I  want  to  thank  Dr.  Frankel  again.  He  did  this  on  very  short 
notice. 

We,  therefore,  have  three  cases  that  represent  a  spectrum  of  the  many  cases 
of  pancreatitis  from  Greenpoint.  Two  of  these  are  associated  presumably  with 
cholecystitis  and  one  with  alcoholism.  Earlier  this  year  we  had  an  occasion  to 
make  a  diagnosis  of  pancreatitis  in  the  middle  of  the  night,  when  we  could 
not  obtain  an  amylase  either  from  Greenpoint  or  Mount  Sinai  for  technical 
reasons.  This  particular  patient  appeared  with  abdominal  pain,  distention  and 
generalized  tenderness.  We  went  back  to  the  past  literature,  in  which  Otto 
Loewe  described  the  adrenalin-mydriatic  test.  I  do  not  know  if  everybody  is 
familiar  with  it.  In  the  suspected  pancreatitis  case,  you  take  a  solution  of 
1:1000  adrenalin  and  drop  it  into  one  conjunctival  sac.  If  ipsilateral  dilatation 
ensues,  you  can  assume  a  diagnosis  of  pancreatitis.  We  corroborated  our 
clinical  diagnosis  on  that  basis,  and  it  was  proven  correct  the  next  day  when 
the  amylase  came  back  over  1,000. 

Dr.  Dreiling,  would  you  like  to  discuss  this  disease  entity? 

Dr.  D.  A.  Dreiling:  These  three  cases  certainly  represent  an  interesting 
point  of  departure  in  the  problem  of  handling  acute  and  chronic  pancreatitis. 

It  is  certainly  true  that  we  see  a  large  number  of  patients  wdth  pancreatitis  at 
Greenpoint  Hospital,  and  I  should  like  to  presume  that  the  diagnosis  is  made 
simply  because  of  clinical  familiarity. 

I  would  like  to  make  a  few  comments  now  on  the  individual  cases  before 
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launching  into  a  very  brief  re-evaluation  ol  our  modern  methods  of  handHns: 
acute  and  chronic  pancreatitis. 

The  first  patient.  Mrs.  K.,  represents  the  typical  picture  that  we  see  in  tht 
alcoholic  pancreatitis.  Tliis  patient  developed  calcinosis.  She  has  had  periods 
in  the  past  in  which  she  has  had  steatorrhea,  although  she  did  not  present  with 
steatorrhea  probably  because  she  was  on  a  high  alcohol  and  low^  food  intake 
diet.  Her  secretin  test  is  extremely  interesting.  I  think  the  figures  were  some- 
thing like  3.0  cc  per  kilogram  and  35  milliequivalents  per  liter,  showing  a 
tremendous  depression  bicarbonate  and  ])ractically  no  enzymes.  This  is  the 
end  stage  of  destruction  by  pancreatic  inflammation.  She  had  normal  gall- 
bladder function.  This  case,  therefore,  is  not  associated  with  biliary  tract 
disease. 

Her  present  episode  developed  a  comijlication  of  pseudocyst.  I  think  one  of 
the  most  important  reasons  to  present  such  a  case  is  to  illustrate  that  these 
pseudocysts  will  subside  and  that  not  every  patient  with  a  pseudocyst  should 
be  subjected  to  immediate  cyst  decompression.  Unless  the  pseudocyst  is  ex- 
panding or  the  clinical  course  of  the  patient  is  deteriorating,  these  patients 
should  be  treated  as  patients  with  acute  pancreatitis — starved  for  a  long  pe- 
riod of  time.  Again,  she  demonstrates  what  inadequate  therapy  will  do,  because 
she  was  put  on  such  a  regimen  and  improved.  Then  she  was  fed,  and  every 
time  she  was  fed  she  developed  an  exacerbation. 

At  present,  she  has  shown  evidence  that  her  pancreatitis  is  diminishing. 
The  pancreatic  pseudocyst  is  becoming  much  smaller,  and  we  propose  to  ^end 
her  home  for  a  period  of  six  weeks  and  then  have  her  return. 

The  problem  is:  "Is  she  going  to  stop  drinking?"  If  she  does  not  stop  drinking, 
this  pseudocyst  is  not  going  to  disappear  and  we  will  proI)ably  have  to  institute 
internal  drainage.  Also,  with  the  assistance  of  alcoholic  intake,  she  will  go  on 
to  other  complications. 

Thus,  the  natural  course  of  these  pseudocysts  is  a  tendency  to  subside.  How- 
do  they  subside?  Probably  by  eroding  back  into  the  obstructed  duct  which  was 
the  basis  of  the  pancreatitis  in  the  first  place.  This  drainage  back  may  be 
rather  rapid.  Dr.  Richman  and  I  had  a  case  a  number  of  years  ago  in  which  a 
huge  jiseudocyst,  which  was  the  size  of  a  large  coconut,  disappeared  within  48 
hours.  On  the  other  hand,  it  may  be  much  slower,  as  in  this  case,  demonstrating 
that  there  is  probably  an  extensively  diseased  duct  w'itli  multiple  areas  of 
stenosis. 

The  second  patient,  Mr.  S.,  demonstrates  the  occurrence  of  acute  pancreatitis 
as  a  complication  of  biliary  tract  disease.  Here,  again,  I  think  the  secretin  test 
is  of  some  interest  because  it  was  done  about  two  weeks  following  the  acute 
attack.  He,  too,  pulled  out  his  Levin  tube  and  discontiimcd  his  starvation 
therapy  and  developed  an  exacerbation. 

The  secretin  test  showed  absolutely  normal  fimction.  The  findings  were 
4.2  cc  Heq.,  110  mEq/L  and  36  U/kg  of  enzyme,  indicating  that  this  ty|)e  of 
pancreatitis  represents  a  mild  complication  of  the  biliaiy  tract  disease.  There 
is  a  rapid  tendency  of  the  ])ancreatic  function,  like  the  jjathology  in  the  gland, 
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to  recover.  At  the  tinic  we  did  tlir  secretin  test,  he  had  a  biliary  How  curve 
indicating  a  nonfunctioning  galll)hulder.  This  gallbhidder  dysfunction  was  then 
confirmed  by  the  inability  of  the  galll)ladder  to  be  visualized  by  oral  cholecystog- 
raphy or  by  intravenous  clu)laii<>;io<^raphy. 

Biliary  tract  associated  ])ancreatitis  should  be  treated  by  eradication  of 
biliary  tract  disease.  In  this  elderly  gentleman  tiieic  was  some  del)ate  as  to 
whether  or  not  this  should  be  done.  I  think  that  oni'  attack  of  acute  pancreatitis 
and  an  exacerbation  of  pancreatitis  is  sufficient  warnini;;  that  this  patient  is 
in  danger.  There  was  some  discussion  on  the  rtjunds  at  ( licenpoint  as  to  whethi'r 
or  not  the  common  duct  should  be  explored  at  the  time  of  surgery.  If  we  ac- 
cept the  etiology  of  biliary  tract  disease  associated  pancreatitis  to  l)c  iiicchniiis- 
tic,  we  imply  that  in  some  way  there  is  an  obstruction  to  both  the  biliary  tract 
and  to  the  pancreatic  duct  system.  I  think  the  time  that  one  docs  the  initial 
surgeiy  for  eradication  of  l)iliary  tract  disease,  one  should  explore  the  common 
duct.  If  one  finds  pathology,  one  nuist  eradicate  it.  If  one  does  not  find  pa- 
thology, I  would  not  advocate  the  addition  of  sphincterotomy. 

The  third  patient,  Mrs.  Z.,  is  another  patient  with  biliary  tract  disease  who, 
after  all,  shows  an  unusual  complication.  It  is  rare  for  the  biliary  tract  disease 
associated  pancreatitis  to  go  on  either  to  pseudocyst  formation  or  to  abscess 
formation.  This  is  one  i)atient  who  demonstrated  both. 

When  she  came  in  with  her  x-ray  findings,  the  diagnosis  was  missed  com- 
pletely. She  had  a  history  of  pain  for  several  weeks  but  no  clear-cut  biliary 
tract  disease  history  and  no  history  of  biliary  tract  colic  could  be  elicited. 
The  initial  impression  was  that  of  carcinoma.  We  were  agreeably  surprised 
when  at  the  time  of  operation,  the  pancreatin  tumefaction  did  not  feel  like 
carcinoma.  It  felt  a  little  soft.  Judicious  further  exploration  landed  us  into  this 
huge  abscess  caA'ity. 

At  the  time  of  operation  we  recognized  that  she,  too,  had  biliary  tract  disease. 
She  had  stones  and  a  contracted,  thick-walled,  gallbladder.  We  could  not  do 
anything  at  the  time  but  drain  this  abscess.  A  biopsy  was  taken  of  the  abscess 
wall,  which  should  always  be  done  in  any  pancreatic  tumor.  The  report  was 
acute  and  chronic  inffammation.  We  are,  therefore,  certain  that  we  are  dealing 
with  a  pancreatic  abscess.  The  rest  of  the  pancreas  looked  normal. 

The  fascinating  additional  facet  of  this  case  is  what  has  followed.  I  think  we 
could  almost  have  suspected  it  all  along  before  these  sinograms  wei-e  taken, 
because  here  is  a  woman  in  whom  we  evacuated  a  huge  pancreatic  abscess  and 
in  whom  postoperatively,  only  minimal  drainage  was  obtained  externally.  We 
know  that  when  we  drain  this  type  of  case,  a  pancreatic  fistula  develops  be- 
cause of  disruption  of  the  ducts  entering  into  the  abscess  cavit5^  The  usual 
course  is  for  pus  to  drain  for  several  days  and  then  one  would  expect  the  de\-elop- 
ment  of  a  pancreatic  fistula.  She  did  not  behave  in  this  manner. 

The  tendency  in  acute  pancreatitis  or  pancreatitis  in  general  is  to  foim 
fistulae  when  the  pancreas  is  manipulated.  But  theic  is  also  the  very  interesting 
tendency  of  these  fi.stulae  to  drain  back  into  the  (l.I.  tract.  This  was  oiigiiially 
observed  in  patients  who  had  Whipple  operations  with  hemitransection  of  the 
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pancreat;.  In  tlii.>^  cas^e,  we  have  vi?ual  demonstration  that  internal  fistuhzation 
has  occurred.  Whether  the  secretions  are  into  the  stomach  or  duodeninn  is  not 
clear.  The  last  impression  of  the  Department  of  Roentgenology  at  Greenpoint 
Hospital  was  that  it  was  draining  into  both  places. 

I  would  like  now  to  show  some  other  evidence  that  internal  fistulization 
occurs.  The  first  slide  that  we  have  is  a  picture  of  a  pancreatic  abscess  which 
ruptured.  This  is  shown  by  the  G.I.  series.  Here  is  a  huge  abscess  cavity  which 
has  drained  spontaneously  into  the  fourth  i)ortion  of  the  duodenum.  This  was 
an  alcoholic  patient  who  developed  acute  pancreatitis  and  then  had  a  long  septic 
course.  In  the  course  of  work-up  and  repeated  G.I.  series,  this  abscess  cavity 
was  discovered.  Ver>-  shortly  after  this  x-ray  was  taken,  all  the  .<ym]it()ms 
subsided,  and  the  patient  went  on  to  make  an  uneventful  recovery. 

I  also  had  the  opportunity  in  1950  to  study  a  patient  of  Dr.  Leon  Starr  and 
Dr.  Arthur  Touroff.  This  patient  was  a  veiy  successful  business  executive  who 
also  was  an  alcoholic  and  who  developed  a  fulminating  acute  pancreatitis. 
He  was  explored  with  the  mistaken  diagnosis  of  perforated  ulcer  and  found  to 
have  a  necrotic  pancreas.  During  the  exploration  most  of  the  pancreas  sloughed 
out.  Being  intrepid  and  perhaps  far  in  advance  of  their  time,  the  surgeons  went 
ahead  and  resected  as  much  of  the  necrotic  pancreas  as  possible.  The  patient 
was  left  with  only  the  tail  of  the  pancreas  and  a  bare  duodenum,  and  a  visible 
common  duct. 

This  patient  went  on  to  make  an  uneventful  recovery.  I  saw  him  appioxi- 
mately  six  months  postoperatively.  He  had  an  external  pancreatic  fistula  that 
was  draining  7  to  14  ounces  a  day.  I  was  asked  to  study  him  because  of  my 
interest  in  pancreatic  secretion.  I  performed  a  secretin  test  through  the  fistula. 
He  secreted  39  cc  from  the  fistula  with  84  millicquivalents  per  liter,  and  the 
enzyme  content  was  4.3  units  per  kilogram.  It  then  occurred  to  me  that  I  ought 
to  repeat  the  study  with  a  tube  in  the  duodenum.  I  did  so  and  from  the  du- 
odenum collected  a  much  smaller  f|uantity  of  jiancreatic  juice  with  a  bicarbonate 
concentration  of  32  and  a  trace  of  enzymes. 

I  studied  this  patient  over  the  course  of  several  months  and  got  le.s<  and  less 
out  of  the  fistula  and  more  and  more  out  of  the  duodenum.  The  bicarbonate 
concentration  progressively  rose  to  101  millicquivalents  per  liter.  Then  one 
day,  nothing  emitted  from  the  fistula  and  pancreatic  juice  was  obtained  from  the 
duodenum  only.  It  was  assumed  that  this  patient  had  somehow  gotten  his 
pancreatic  juice  back  into  the  duodenum.  Dr.  Touroff  did  not  choose  to  believe 
this.  So  we  did  a  lipiodol  injection  of  the  fistula  which  outlined  a  direct  tract 
from  the  tail  of  the  pancreas  into  the  duodenum.  Shortly  thereafter,  the  fistula 
closed  spontaneously,  and  this  man  had  neither  steatorrhea  nor  pancreatic 
insufficiency  nor  diabetes.  He  went  on  to  make  a  complete  recovery.  Thus,  there 
is  some  tendency  for  pancreatic  ferments  to  erode  their  way  back  into  the  gut 
which  is  verv'  fortunate  because  nature  may  do  a  better  job  than  we  can  do. 

much  for  the  particular  ca.«es.  I  would  like  to  take  whatever  time  remains 
in  reviewing  our  modern  concepts  and  critically  analyzing  modern  therapy  for 
acute  and  chronic  pancreatitis. 
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In  acute  i)ancri'atiti;;,  the  innm-cliate  choice  is  a  <iuestion  of  medical  versus 
surgical  tlierapy.  I  think  now  from  a  large  series  in  the  literature,  that  the  almost 
universal  opinion  is  that  if  the  diagnosis  of  acute  pancreatitis  is  made,  medical 
therapy  is  perferable  to  surgical  tlierapy.  Why?  The  mortality  of  tlic  medical 
scries  is  far  lower,  ranging  between  5  and  10  per  cent  and  gradually  edging  to- 
ward 5  per  cent  as  comj)ared  to  the  best  mortalities  in  the  surgical  sci  ics,  which 
range  around  25  per  cent.  There  is  another  important  reason  for  the  choice  of 
medical  therai)y.  Supposing  you  go  in  on  a  i)atient  with  acute  pancreatitis, 
what  are  you  going  to  do?  This  is  a  very  important  (juestion,  hecausi'  we  aix'  not 
always  able  to  make  the  diagnosis  with  accuracy  and  we  find  ourselves  exjjloring 
a  patient  who  does  in  fact  have  acute  pancreatitis.  What  does  one  do  at  the 
time  of  operation?  Here  there  is  some  diversity  of  oi)inion,  but,  again,  I  think  the 
general  tendency  is  to  do  nothing,  because  one  cannot  drain  the  pancreas. 
Doing  a  cholecystostomy  is  advocated  by  some  in  the  hope  of  ilecompressing 
the  biliary  tract  and  in  this  way  somehow  ameliorating  the  biliary  factor  in 
pancreatitis.  But  if  the  patient  has  an  alcoholic  histoiy,  I  think  that  doing  a 
cholecystostomy  complicates  the  picture  because  then  you  are  going  to  end  up 
having  to  do  a  cholecystectomy  which  might  not  be  recjuired  in  the  first  place. 
I  think  that  most  surgeons,  upon  making  a  diagnosis  of  acute  i)ancreatitis,  do 
not  operate. 

What  does  the  medical  therapy  consist  of?  It  consists  of  a  number  of  unrelated 
symptomatic  therapies.  First  of  these  is  to  treat  i)ain.  I  think  the  treatment  of 
pain  has  been  much  overemphasized  in  the  literature.  We  have  great  controver- 
sies as  to  whether  or  not  morphine  should  be  given  because  morphine,  at  the  very 
instance  of  pain  relief,  will  exacerbate  or  compound  the  mechanistic  basis  for 
the  development  of  panci-eatitis.  Spasm  of  the  duodenum  and  sphincter  therefore 
increases  pancreatic  duct  j^ressure  which  we  are  trying  to  decrease. 

Some  have  advocated  Banthine  or  Probanthine  in  the  hope  of  suppressing 
pancreatic  secretion  and  in  this  way  decreasing  pancreatic  duct  pressure.  There 
have  been  various  other  suggestions  such  as  procaine  intravenously,  nerve 
blocks,  et  cetera. 

I  have  never  used  any  of  these.  I  think  tlie  best  I'elief  for  pain  can  be  obtained 
by  emptying  the  stomach  Ijy  putting  the  patient  in  nasogastric  suction.  A  good 
deal  of  the  i)ain  is  not  necessarily  related  to  the  pancreas  but  to  the  ileus  from 
which  the  patient  is  suffering.  I  do  not  remember  having  ordered  morphine  or 
Demerol  or  any  analgesic  in  years. 

The  second  problem  that  immediately  confronts  the  therapi.^t  is  the  treatment 
of  shock,  because  this  is  an  outstanding  problem  and  it  is  associated  with  fluid, 
electrolyte  and  blood  volume  deficit.  The  recognition  of  these  deficits  have  been 
responsible  for  the  decreasing  mortality  observefl  in  the  acutely  ill 'patient.  We 
all  now  realize  that  the  blood  volume  deficit  may  he  in  the  lange  of  33  per  cent 
of  the  blood  volume.  Tluis,  one  transfusion  may  not  be  nearly  enough.  These 
patients  require  several  transfusions  of  blood,  plasma,  or  any  i)lasma  expander 
because  they  have  a  distinct  and  large  blood  volume  deficit. 

The  treatment  of  electrolyte  and  fluid  replacement  depends  upon  the  indi- 
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vidiial  patient.  When  you  see  the  patient  lie  is  excessively  dehydrated.  A  great 
deal  has  been  written  about  the  jiroblem  of  hypocalcemia  and  the  development 
of  tetany.  These  patients  miglit  require  intravenous  calcium  gluconate.  Indeefl, 
a  depression  of  the  blood  calcium  has  been  taken  by  many  to  be  a  jioor  i)rog- 
nostic  sign.  I  think  that  this  concei)t  is  correct.  In  some  instances,  a  calcium 
gluconate  itself  will  not  suffice  to  relieve  thi'  hypocalcemic  tetany  and  in  these 
jiatients  Parathormone  has  been  observed  to  be  l)eneficial.  The  explanation  is 
that  the  ultimate  effect,  the  electrolytic  imbalance,  depends  not  so  much  on  the 
total  calcium  but  on  the  ionic  calcium  and  Parathormone  is  capable  of  elevating 
ionic  calcium  whereas  calcium  jiluconate  mi>iht  not  be. 

The  third  medical  approach  is  (lirecte(l  towaid  those  factors  which  will  de- 
press pancreatic  secretion  in  tlu'  hojte  tliat  the  decreased  secretion  of  ferments 
into  the  jieripancreatic  tissue  would  decrease  the  essential  jiathology  and  jire- 
vent  progression  of  the  disease.  I  think  one  of  the  most  imjiortaiit  factors  in  this 
resj)ect  is  still  intubation  because  this  will  decrease  the  gastric  acidity  and, 
therefore,  prevents  continued  formation  of  endogenous  secretin.  The  patient 
must  not  be  fed,  because  if  we  want  to  suppress  pancreatic  seciction,  the  du- 
odenum must  be  kept  relatively  alkaline  in  order  to  suppress  endogenous 
secretin  formation. 

We  have  studied  Diamox  as  a  pancreatic  secretory  depressant.  While  it  is 
true  that  this  will  suppress  and  block  pancreatic  secretion  by  making  it  im- 
possible for  the  jiancreas  to  synthesize  bicarbonate  and  therefore  eliminating 
the  fluid  component,  it  is  a  matter  of  debate  as  to  whethei'  it  is  useful  in  a  patient 
with  acute  i)ancreatitis.  We  havi'  not  used  it  extensively  in  patients  with  electro- 
lytic imbalance.  However,  Diamox  has  been  usefid  in  clearing  up  pancreatic 
fistulae  by  decreasing  fluid  output. 

A  number  of  anticholinergics  have  been  used.  Atrojiine  is  probably  contra- 
indicated  and  Banthine  and  Probanthine  are  of  little  value  because  in  the 
concentrations  used  they  do  significantly  affect  ])ancreatic  secretion.  The  corol- 
lary argument  is  that  they  do  affect  gastric  acid  and  in  this  way  may  act  as  an 
indirect  suppressant  to  pancreatic  seciction,  but  to  impose  ati'0|)inism  on  a 
patient  who  is  dehydrated  and  has  an  electrolytic  imbalance  for  this  relatively 
minor  effect,  which  can  be  achieved  with  intubation,  is  unnecessary. 

Radiotherapy  has  been  used  by  some  in  the  hope  that  it  will  jiroduce  an  im- 
mediate suppression  of  pancreatic  secretion,  but  I  can  quote  no  large  series  on  its 
value. 

Although  we  have  spoken  al)()Ut  intubation  as  a  means  of  sup])ressing  |)an- 
creatic  secretion,  I  think  it  should  be  given  a  grou])ing  of  its  own  because  the 
therapy  of  ileus  is  very  important  in  acute  pancreatitis.  These  ])atients  have 
paralytic  ileus  which  must  be  relieved  and  intubation  is  \-ery  useful  in  this  in- 
spect, as  well  as  in  the  relief  of  pain  and  distention. 

There  are  two  other  facets  which  must  be  considered  in  the  treatment  of  acute 
pancreatitis.  First,  the  use  of  antibiotics  is  extremely  imj)ortant  because  this 
hel])s  prevent  the  development  of  abscess  formation.  I  must  say  this  abscess  is 
one  of  the  first  I  have  seen  in  a  long  time.  Pancreatic  abscesses  were  much  more 
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(■(inmion  bct'orc  the  days  of  ;mtil)i()tics.  Tlu'  pat li()li),<j;y  ot'  paiici-catic  ncci'osis  is, 
of  course,  stcrili".  But  tlio  tendency  is  for  areas  of  li(iuefaction  of  blood  and  tissue 
lo  l)econio  secondarily  infected  so  that  a  good  percentage  of  the  acute  henior- 
liiagic  necroses  go  on  to  al)scess  formation  and  then  the  usual  course  involves 
Hicision  and  drainage  repeatedly  as  more  and  more  of  the  jiancreas  is  sloughed. 
Finally,  if  one  does  achieve  sterilization  of  the  al)scess,  one  is  generally  left  with 
a  pancreatic  fistula  which  then  has  to  l)c  treate<l.  Cnlike  the  presented  case,  not 
all  of  the  jiatients  i)roduce  a  spontaneous  fistulization  to  the  gut. 

I  do  not  think  we  could  leave  the  subject  of  acute  i)anci'eatitis  without  some 
mention  of  the  antienzymes.  because  Trasylol  is  exticniely  popular  at  the  pres- 
ent time.  It  is  not  an  original  concept.  The  inti'oduction  of  albiunen  was  origi- 
nally for  its  antitrypsin  effect.  It  was  only  when  its  blood  volume  expanding 
effect  was  appreciated  that  we  did  go  on  to  other  l)lood  expandeis.  In  addition, 
soy  bean  tryjjsin  inhibitors  and  some  antilipase  inhil)itors  have  been  used.  Most 
of  these,  with  the  exception  of  Trasylol,  have  been  too  toxic.  Trasylol,  an  anti- 
trypsin inhibitor,  which  does  not  affect  pancicatic  secretion.  api)areiitly  does 
affect  the  activity  of  enzymes  in  the  blood  and  tissues.  I  think  only  time  and 
further  experience  will  tell  whether  this  diug  is  going  to  be  of  use  in  the  treat- 
ment of  acute  hemorrhagic  pancicatitis.  However,  I  am  not  overenthusiastic, 
because  I  have  seen  nothing  experimentally  or  clinically  that  has  con\'inced  me 
that  it  is  worth  while. 

If  the  therapy  of  acute  ])anci'eatitis  leaves  much  to  be  desired,  that  of  chronic 
pancreatitis  is  in  a  far  more  unsatisfactoiy  state. 

Qiiestio?}.-  Could  we  lyive  a  word  about  the  complications  of  acute  pancreatitis 
at  this  point?  What  do  you  do  about  an  abscess? 

Dr.  Dreiling:  Incision  and  di'ainage. 

Question:  If  there  is  an  external  fistula  found  in  such  an  abscess  and  drainage? 

Dr.  Dreiliny:  If  we  have  an  external  fistula,  I  think,  at  the  pi'esent  time,  one 
should  treat  it  with  Diamox  and  wait.  These  fistulae  usually  close  spontane- 
ously. They  were  much  more  troublesome  in  the  i)ast.  There  is  a  series  of  opera- 
tions of  internal  diversion  of  fistula  into  the  stomach,  into  the  duodenum,  or  by 
Roux-en-Y  into  the  jejunum.  I  do  not  think  this  is  necessary  at  the  present  time 
and  I  have  not  treated  a  fistula  surgically  in  about  ten  yeais. 

In  chronic  pancreatitis  what  can  we  do?  The  first  factor  that  we  have  to  con- 
sider is  diet.  If  this  pancreatitis  is  iclated  to  alcoholism,  I  maintain  very  firmly 
that  if  you  cannot  cure  the  alcoholism,  you  cannot  cure  tlie  patient.  I  would  not 
subject  an  alcoholic  iiatient  who  refuses  to  give  up  drinking  to  a  series  of  surgi- 
cal procedures  because  I  do  not  think  that  this  would  benefit  him.  Of  course,  we 
place  all  patients  witli  chronic  pancreatitis  on  relatively  liland  diets,  but  the 
diet  itself  is  of  little  imiioi'tance  unless  thei'c  is  evidence  of  external  pancreatic 
secretoiy  defect  in  the  form  of  steatoi'i-hea,  in  which  case  a  low  fat  diet  is  of 
consideral)le  liel)).  These  patients  may  be  able  to  lianfUe  small  amounts  of  fat 
whereas  a  noi-mal  fat  diet  or  a  high  fat  diet  would  lead  to  steatorrhea. 

Whether  or  not  pancreatin  is  necessary  depends,  of  course,  upon  how  severe 
the  pancreatic  enyzme  defect  is  and  what  the  diet  administered  has  been.  In 
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most  instanci-s  you  ran.  l)y  usinsi  a  low  fal  diet.  ol)\iat('  the  necessity  I'oi-  Mip- 
pk'incntary  i)anciratin.  But  if  you  {•annot,  and  if  pancicatin  is  necessary,  it  must 
he  given  continuously  around  the  clock.  Grossman  lias  very  clearly  demonstrated 
that  this,  in  h\rge  doses,  is  the  most  effective  way.  Available  i)re])arations  are 
pancreatin,  Viokase,  and  papaya  extract.  Why  jiapaya  extract,  whicli  does  not 
contain  a  lipase  should  be  effective,  I  cannot  answer.  Indeed,  in  patients  who 
liave  steatorrhea,  it  is  the  lipase  deficiency  which  is  salient.  These  tiirec  prejiara- 
tions  seem  to  be  ecjually  effective.  How  frequently  do  I  use  re])lacement  thei-ajiy? 
I  prescril)e  pancreatin  perhaps  once  a  year.  I  think  diet  itself  is  i)iol)al)ly  tlie 
most  effective  therapy  for  steatorrhea. 

If  there  is  biliary  tract  disease,  the  l)est  results  are  obtained  in  these  ])atients 
with  eradication  of  the  biliary  tract  disease.  This  means  not  only  taking  out 
the  gallbladder  but  also  exploring  the  common  duct.  If  there  are  common  duct 
stones,  one  must  remove  them.  If  there  is  a  stenosis  of  the  sphincter  of  Oddi,  I 
tliink  this  must  ])e  treated  by  si)liincterotomy.  If  there  is  no  stenosis,  sphinc- 
terotomy is  not  indicated.  Finally,  if  there  is  diffuse  calcification  of  the  gland, 
an  attempt  at  sphincterotomy  would  be  inadvisable  because  there  nuist  be  mul- 
tiple areas  of  stricture  within  the  duct  system.  Furthermore,  there  are  some  pa- 
tients who  develop  a  longitudinal  stricture  of  the  distal  common  duct.  Here  a 
sphincterotomy  is  useless  because  it  cannot  relieve  a  longitudinal  area  of  ob- 
struction. From  bitter  experience,  we  have  come  to  the  conclusion  that  a  biliary 
diversionary  procedure  such  as  a  choledochoduodenostomy  or  a  jejunostomy  is 
advisable  in  order  to  protect  the  patient  with  secondary  connnon  duct  stricture 
from  the  development  of  biliary  cirrhosis. 

Pain  is  an  outstanding  symptom  of  chronic  relajising  pancreatitis.  Drug  ther- 
apy leaves  much  to  be  desired.  Many  of  these  patients  unfortunately  become 
morphine  adchcts.  We  have  tried  Teandaril,  which  is  a  l)utazolidin  derivative, 
and  Piptal,  an  anticholinergic,  with  some  relief  of  pain. 

Nerve  surgeiy,  such  as  sympathectomy  and  vagisection.  has  also  been  ad- 
vocated. The  immediate  i(  >ult>  with  sympathectomy  were  good,  that  is,  pain 
was  relieved  for  a  period  of  one  oi'  two  years,  during  which  time  the  j^atients 
might  have  exacerbations  of  their  chronic  pancreatitis  but  not  with  i)ain.  Re- 
currences under  such  circum.stances  would  be  shown  up  l)y  elevations  of  the 
blood  amylase,  w'ith  a  fever,  and  with  ileus,  but  without  i)ain.  Almost  invariably, 
either  due  to  regeneration  of  the  sympathetics  or  some  other  mechanism,  ])aiii 
has  recurred.  I  think  this  form  of  treatment  is  now  used  less  frequently. 

Vagisection,  itself,  as  a  sole  treatment  has  not  been  used,  but  has  been  utilized 
in  conjunction  with  a  diversionaiy  procedure  such  as  gastroenterostomy.  Thi> 
is  done  in  the  liope  of  diminishing  the  pancreatic  response  to  an  ordinary  meal, 
on  the  basis  that  the  pain  is  due  to  ductular  dilatation  in  a  gland  secreting  against 
obstruction.  I  do  not  believe  that  the  results  have  been  sufficiently  good  to  wai  - 
rant  this  form  of  therapy  alone. 

Some  have  advocated  pancreatic  duct  sui'gery  in  the  i-elief  of  pancreatic  i)aiii. 
The  following  slides  illustrate  .«ome  of  the  complicateil  procedures  that  liaxe 
been  advised.  This  slide  illustrates  surgerv-  foi-  j)anci(  atic  cysts.  It  shows  a  cy^t 
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in  rclationshii)  to  the  posterior  wall  of  the  stomach.  If  a  cyst  is  so  located,  wiiy 
should  one  go  to  the  trouble  of  doing  a  cystoenterostoniy  Koux-eii-Y?  The  cyst  is 
plastered  up  against  the  stomach.  You  probably  would  haw  to  dissect  this  sep- 
tum, a  technically  difficult  i)rocedure  which  is  not  necessary  at  all.  A  .simple 
cystogastrostomy  will  give  you  adeciuate  drainage  with  complete  relief.  The 
cyst  will  rapidly  diminish  in  size  so  that  after  several  weeks  you  may  not  be 
able,  by  G.I.  series,  to  show  a  cavity.  Usually  at  the  end  of  three  or  four  weeks 
you  cannot  even  detect  the  previous  cyst. 

The  next  slide  shows  another  pancreatic  pseudocyst  which  here  is  not  in  rela- 
tion to  the  stomach  but  presents  ni  the  greater  peritoneal  cavity.  This  type  of 
cyst,  of  course,  can  In-  treated  by  a  cystoenterostoniy  Roux-en-Y,  and  the  next 
slide  will  illustrate  such  therai)y. 

The  next  slide  shows  a  cystogastrostomy  completed.  It  illustrates  that  the 
opening  must  be  quite  large,  because  it  tends  very  quickly  to  become  smaller. 
If  you  construct  a  smaller  cystogastrostomy  initially,  secondary  closure  may  re- 
quire redrainage. 

The  next  slide  will  show  a  cystoduodenostomy.  After  all,  if  the  cyst  is  near 
the  duodenum,  why  should  we  not  take  advantage  of  it  and  make  the  anasto- 
mosis between  the  cyst  and  the  duodenum? 

The  next  slide  shows  a  cystojejunostomy  without  the  Eoux-en-Y'  principle. 
I  think  most  of  us,  however,  would  do  a  Roux-en-Y'. 

I  want  now  to  discuss  some  of  the  techniques  of  attacking  the  obstructed  pan- 
creatic duct  system  itself.  This  is  a  procedure  that  goes  back  to  about  1944.  At 
Coffey's  suggestion,  the  implantation  of  the  pancreas  wdth  its  open  duct  into 
the  jejunum  w;is  performed  m  order  to  decompress  the  pancreatic  duct  system. 

The  next  slide  shows  a  suggestion  made  by  Ratrie,  Ryle  and  Vale.  Here  the 
pancreatic  duct  was  intubated  and  the  jjrosthesis  placed  in  an  opening  in  the 
small  intestine.  These  prostheses  unfortunately  tend  to  plug  up  so  that  they  are 
not  generally  used. 

Next  is  Cattell's  approach.  This  goes  back  to  the  late  forties  and  early  fifties. 
You  begin  to  see  the  development  of  the  modern  oi^eration  develop  from  tliis 
anastomosis  between  the  mucosa  of  a  dilated  duct  and  the  jejunum. 

The  next  slide  shows  Bonta's  original  operation,  proposed  about  four  or  five 
years  before  Duval's.  One  can  see  the  formulation  of  the  concept  of  retrograde 
drainage.  If  you  cannot  drain  a  multiply-obstructed  pancreatic  duct  into  the 
duodenum,  one  may  drain  it  retrograde  via  a  Roux-en-Y'  loop  of  jejunum.  Most 
of  the  credit  for  the  technique  goes  to  Dr.  Duval,  who  jiopularized  this  type  of 
retrograde  decompression.  j\Iore  and  more  as  this  operation  has  been  done,  there 
has  been  a  tendency  to  resect  more  pancreas,  so  that  the  Duval  operation  must  be 
considered  a  partial  pancreatectomy  as  well  as  a  retrograde  drainage. 

The  more  modern  operations  include  Dr.  Puestow's  operation  in  which  the 
fileting  of  the  pancreatic  duct  with  its  anastomosis  into  a  defunctionalized 
duodenum  offers  the  hope  that  the  multiple  areas  of  obstruction  which  are  pro- 
ducing the  symptoms,  the  pathology,  and  the  persistence  of  inflammation  in 
chronic  pancreatitis  would  be  so  drained.  There  have  been  a  number  of  objections 
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to  this  procediin'.  Oiw  of  the  objections  was  raised  hy  Thah  who  said  the  \ydu- 
creatic  jtiiee  must  not  be  (hverted  from  the  (hiodenum  le-t  pcptir  uK'cr  (lr\'i'loi). 
A  number  of  these  patients  whose  pancreatic  juice  ha^  brcii  (Incitrd  Iroiu  the 
duodenum  have,  indeed,  scconihirily  deveh)ped  (hiodcnal  uh'cr. 

This  is  Dr.  diUi^pii  's  approach.  Tlw  mobiUzed  tail  of  tln'  pancreas  is  anasto- 
mosed into  the  I'xchided  antrtun  and  a  i^astrojejunostomy  is  performed  (o  tlic 
fiindtis  of  the  stomach  to  restore  gastrointestinal  continuity.  This  procedure  is 
a  good  way  of  develo])ing  gastric  hyix'iscciction  and  ulcci'  because  alkaline  se- 
cretions are  potnrd  imo  an  antrum.  But  it  just  ^i\-es  you  an  impression  of  tlie 
complexity  and  diversity  of  approach  which  would  again  indicate  to  all  of  us  that 
perhaiis  none  of  these  methods  is  ideal. 

Finally,  in  thosi'  patients  wliost'  symptomatology  persists  despite  all  surgical 
therapy,  some  sm'geons  have  advocated  a  AA'hipple  procedure'  or  a  total  pan- 
createctomy. I  admiri'  Di-.  Porti'r  for  his  fortitude  in  subjecting  a  patient  to  a 
total  pancreatectomy  for  a  benign  disease.  Dr.  Porter  has  reporte(l  a  high  rate  of 
failure  because  these  patients  contimie  to  have  pain  and  I'cturn  to  alct)holism 
because  of  this  unremitting  jiain. 

Dr.  Bower  has  suggested  an  opeiation  which  the  French  are  now  practicing, 
that  is,  subtotal  resection  of  tlu'  jjaiicreas,  U'a\-ing  a  rim  of  |)ancreatic  tissue  so 
that  the  duodenum  and  the  gastroduodenal  aicades  are  not  disturbed.  Pei'hai)s 
this  will  l)e  the  ultimate  answer  to  the  patient  with  chrome  relapsing  pan- 
creatitis whose  incapacity  due  to  pain  is  unremitting  and  who  has  not  responded 
to  all  of  the  lesser  mi'asures. 

Dr.  Hirrr()ii-!<:  Thank  you,  Dr.  Dreiling,  for  a  A'ery  complete  discussion  of  this 
disease  and  its  complications.  I  think  we  lia\-e  time  for  a  few  questions. 

Question:  An  important  dilTeicnt  ial  diagnosis  exists  between  acute  coi'onary 
and  actite  i)ancreatitis,  i)ecause  in  one  you  ai'e  a(h'ocating  fluid  replacement  with 
transfusion,  and  in  the  othei'  we  ha\-e  the  pi'oblem  of  not  overloading.  In  some 
cases  of  i)ancreatitis  have  there  been  J'XXI  changes'.' 

Dr.  Dreiling:  Yes.  I  had  a  patient,  a  i)hysician,  who  was  sent  to  me  by  a 
metlical  man  on  the  first  day  of  an  acute  attack  of  pain  which  he  was  sure  was 
pancreatitis.  I  was  young  enougli  at  the  time  to  pei'form  a  secretin  test  on  him. 
lie  tndy  had  a  coronary  and  forttmately  nothing  happened.  This  is  a  real  differ- 
ential that  will  occur  not  infrecjuent ly.  You  camiot  be  ceitain  fioiu  the  electi'o- 
cardiograiihic  changes,  because  we  have  a  mimbei-  of  patients  with  acute  |ian- 
creatitis  who  come  to  post  with  ST  segment  and  T  wa\'e  changes  in  whom  no 
myocardial  infarction  is  found  postmortem. 

Question:  Are  patients  with  classical  pancreatitis  like  the  first  patient,  who 
showed  decrea.sed  enzymes  during  the  .secretin  test,  truly  capable  of  having  an 
attack  of  acute  pancreatitis,  as  we  know,  with  ele\-ated  blood  en/,ym(>s? 

Dr.  Dreiling:  Yes,  even  patients  with  l)U!-nt-out  pancr<'at  it  is  c-m  have  I'ccur- 
rcnt  attacks  with  blood  enzyme  elev;itions. 

Although  such  patients  are  putting  out  small  (juantities  of  enzymes  into  the 
duodenum,  this  does  not  mean  that  all  acini  in  tlie  gland  ai'e  desdoyed  because 
the  pathology  is  spotty.  A\'hat  yon  see  in  these  jjalients  is  the  end  icsult  of 
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multiple  recurrent  cycles  of  focal  necrosis  followed  l)y  attempts  at  regeneration, 
fibrosis  and  calcification.  Thus,  even  in  a  gland  with  advanced  chronic  pan- 
creatitis there  are  areas  of  normal  acinar  tissue  surrounded  by  fibrosis — these 
patients  can  produce  enzymes  and  can  suffer  real  acute  pancreatitis. 

Question:  In  your  discussion  you  mentioned  Trasylol.  In  Boston,  Dr.  George 
Xardi  told  ine  that  they  treated  fifty  or  sixty  ])atients  with  Tiasylol  and  they 
are  very  satisfied  with  the  results.  In  my  country,  our  uicihcal  faculty  has  treated 
almost  100  patients  with  acute  jiancreatitis.  'rrasylol  is  very  effective  in  acute 
pancreatitis  and  also  in  recurrent  pancreatitis.  Trasylol  is  useful  in  decreasing 
pain  and  in  aborting  attacks. 

Dr.  Dreiling:  I  did  not  say  that  Trasylol  was  useless.  \\\\:[[  are  youi-  controls 
to  say  that  Trasylol,  that  is  being  used  in  addition  to  other  modalities,  is  ])r()- 
ducing  a  specific  alteration  in  the  course  of  an  acute  pancreatitis  or  even  in  the 
course  of  chronic  pancreatitis? 

Question:  To  tell  the  truth,  sir,  we  did  not  com])are.  simultaneously,  patients 
treated  with  Trasylol  and  patients  treated  without  Trasylol,  But,  if  we  coiupai  c" 
our  results  from  the  time  when  we  treated  our  patii'Uts  with  Ti-asylol  with  our 
results  before  Trasylol  treatment,  the  results  with  Trasylol  are  much  better. 

Dr.  Dreiling:  This  is  a  clinical  imjiression.  I  am  sori  y.  Doctor,  I  cannot  accejit 
a  clinical  impression  as  proof.  I  think  you  have  to  lune  more  evidence.  It  is 
difficult  to  come  to  a  conclusion  in  therain-  of  this  disease.  The  clinical  course  is 
so  variable  that  a  patient  can  come  in  and  die  within  twehe  liours.  A  patient 
can  come  in  and  look  like  he  is  going  to  die  and  within  twelve  hours  walk  out  of 
the  hospital.  Even  if  one  is  capable  of  forming  a  clinical  impression  of  severity 
in  such  a  protean  disease  with  different  t'tiologies,  one  cannot  comjiarc  acute 
pancreatitis  associated  with  biliary  tract  disease  with  the  fulminating  type 
that  may  occur  with  alcoholism.  As  long  as  we  are  dealing  with  clinical  im- 
pression, I  am  willing  to  say  go  ahead  and  try  Trasylol.  When  we  have  ten  years 
of  experience  we  may  know  the  answer.  We  have  all  lived  through  a  i)eriod  in 
which  propylthiouracil  was  hailed  with  ef[ual  enthusiasm,  but  I  do  not  know  of 
any  clinic  that  uses  propylthiouracil  today. 

Question:  Is  there  any  side  effect  from  the  use  of  that  drug? 

Dr.  Dreiling:  None  of  which  I  am  aware.  I  do  not  think  serious  complication 
has  been  reported. 

Dr.  Glisic:  We  did  not  have  any  side  effects  during  our  treatment  of  our  pa- 
tients with  Trasylol. 

Question:  What  was  the  dosage  you  were  giving? 

Dr.  Glisic:  It  is  very  important  that  you  treat  jiatients  as  soon  as  i)ossible  and 
with  large  doses.  We  give  to  our  patients  30  or  40,()()()  units  e\-ei  y  day. 

Dr.  Dreiling:  I  think  you  have  just  struck  on  a  tei  ribly  nni)ortant  and  signifi- 
cant fact.  I  had  the  oi)i)ortunity  to  work  with  Trasylol  about  three  to  four  years 
ago.  I  can  assure  you  that  within  the  past  four  years  the  dosage  i-ecommended 
by  the  drug  companies  has  increased  tenfold.  If  such  remarkable  resjionses  were 
obtained  with  a  low^er  dose,  w'hy  was  it  necessary  to  recommend  increased  dos- 
age? 
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Dr.  Burrows:  I  think  tliis  discussion  could  1)0  left  for  future  years  actually  to 
see  how  it  truly  evolves. 

Question:  I  just  wondered  if  you  had  mentioned  the  role  of  steroids  in  the 
treatment  of  acute  pancreatitis? 

Dr.  Dreiling:  I  left  that  out.  I  am  sorry.  Here,  again,  is  another  debatable 
area.  If  you  look  at  the  literature  of  about  three  or  four  years  ago.  there  was  a 
great  excitement  that  steroids  would  be  a  panacea  and  the  salvation  of  patients 
with  acute  pancreatitis.  I  do  not  think  there  is  any  evidence  now.  clinically  or 
experimentally,  that  would  show  that  steroids  alter  the  course  of  acute  pan- 
creatitis unless  there  is  an  adrenal  insufficiency  either  pre-existing  or  unless  the 
patient  develops  apoplexy  of  the  adrenal.  Otherwise,  there  seems  to  be  evidence 
even  to  the  contrary.  Barr  and  others  have  reported  acute  pancreatitis  and  pan- 
creatic necrosis  in  patients  receiving  steroid  therapy.  This  has  been  observed 
in  children.  It  has  been  seen  at  post  mortem  examination  in  patients  on  a  steroid 
therapy  for  unrelated  disease  as  in  rheumatoid  arthritis.  AVe  did  a  study  in  which 
the  pancreatic  secretion  was  altered  by  administration  of  steroids  to  the- type 
of  secretion  that  one  sees  in  chronic  pancreatitis.  Because  of  this.  I  would  be  a 
little  reluctant  to  routinely  administer  steroids  to  all  patients  with  acute  pan- 
creatitis. But  I  would  have  no  hesitation  in  a  patient  who  looks  as  if  he  is  in 
extremis,  and  I  did  so  in  one  patient  with  survival. 

Question:  Before  we  leave  this  subject,  I  think  it  might  be  imi)ortant  to  make 
you  all  aware,  if  you  are  not  already,  of  the  recent  change  in  nomenclature  that 
l^ancreatitis  has  undergone  during  the  last  few  months. 

There  was  a  conference  in  Marseilles  where  everybody  got  together  because 
it  was  getting  to  be  quite  confusing  as  to  what  we  mean  by  different  tyjies  of 
l)ancreatitis.  Very  briefly,  they  classified  pancreatitis  as  acute  or  chronic  and 
subdivided  tlie  acute  phases  into  acute  pancreatitis  and  acute  relapsing  pancrea- 
titis. In  the  chronic  cases  the  terms  "chronically  relapsing  pancreatitis"  and 
"chronic  progressive  pancreatitis"  were  suggested. 

Dr.  Dreiling:  1  would  like  to  add  for  the  record.  I  am  not  stimulated  by  this 
clas.sification,  I  am  ajij^alled  by  it,  because  such  classification  goes  back  to  clini- 
cal descriptive  medicine.  It  is  unscientific  and  I  think  we  could  better  classify 
this  disease  complex  by  going  back  to  the  pathology  and  into  the  etiology  instead, 
as  the  heixitologists  did.  This  classification  makes  little  subdivisions  just  as  the 
hepatologists  did  with  cirrhosis,  so  that  all  acute  hepatitis  was  acute  catarrhal 
jaundice  and  all  chronic  liver  inflannnation  was  cirrhosis.  This  is  wrong.  We 
first  must  learn  to  classify  by  etiology  and  pathology.  Onh^  then  can  be  bring 
order  out  of  chaos.  Thank  you  very  much. 

(The  meeting  adjourned  at  twelve-ten  p.m.  o'clock.) 
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Shigellosis,  which  manifests  itself  by  fever,  abdominal  pain,  tenesmus,  and 
frequent  watery  stools  that  may  contain  mucus,  blood  or  ]ius,  results  from  infec- 
tion by  a  member  of  the  (>:enus  Shij^iclhi.  Unlike  the  sc\-ci-('  type  of  infection 
caused  by  Shigella  dysenteriae,  wliich  is  attended  by  a  hijih  luoitality  late  in 
India  and  Japan  and  is  fortunately  veiy  rare  in  the  United  States,  the  disease 
observed  in  this  country  involving  Shigella  sonnei,  Shi'^eUa  flexnei  i  and  Shi^t^ella 
alkalescens-dispar  is  relatively  mild  and  locabzed  ahnost  entirel>-  to  the  gastro- 
intestinal tract.  Some  question  exists  with  regard  to  the  taxoiioiiiii-  >tatus  and 
pathogenicity  of  the  latter  spc-cies.  Although  includiMl  within  the  genu>  Shigella 
in  Bergey's  iV(7//'/a/  af  Di  h  ntiumtirt  lUictcriohxjii .  xmie  ant hoi  itative  sources 
consider  it  a  meuilier  of  the  genus  I'^eherichia.  Considering  the  i)ossible  i)otential 
pathogenicity  of  Shigeha  alkaleseens-dispar,  all  of  the  strains  included  in  this 
report  were  isolated  from  patients  suflering  from  persistent  diarrhea,  some  with 
fevei'.  othei's  without,  because  of  which  symptoms  a  stool  culture  was  requested. 
Its  jiathogenic  capability  is  further  attested  to  in  tlie  literature  ll,  2). 

Shigellosis  is  spread  via  the  oral  route.  Such  connnon  food  products  as  poultry, 
fish,  eggs,  etc.,  as  is  the  case  with  salmonellosis,  are  usually  not  primarily  in- 
volved in  its  transmission  since  the  disease  is  limited  to  man  almost  exclusively 
and  does  not  involve  lower  animal  species.  These  [products,  however,  may  be 
secondarily  implicated  by  virtue  of  contamination  by  a  juitient  or  carrier.  The 
epidemic  form,  as  seen  in  orphanages,  institutions  or  military  installations,  is 
often  traced  to  some  common  food  source  contaminated  l)y  a  carrier  in  the  food 
preparation  center,  which  then  results  in  widespread  dissemination  through  the 
institution  involving  many  persons.  The  endemic  form,  by  comparison,  is  limited 
to  sporadic  cases  among  individuals  or  memlx  rs  of  a  family.  Low  standards  of 
environmental  sanitation  and  personal  hygiene,  which  are  more  apt  to  prevail 
among  lower  socio-economic  groups,  play  a  significant  role  in  the  transmission 
of  this  di.sease. 

The  exact  incidence  of  shigellosis  is  unknown.  Diarrhea,  its  prime  symptom,  is 
a  common,  usually  self-limited  occurrence,  the  ju-ecise  etiology  of  which  can 
only  be  established  by  means  of  stool  culture.  The  number  of  requests  for  this 
laboratory  procedure  is  dependent  in  the  main  upon  the  suspicion  of  the  examin- 
ing physician  and  the  availability  of  laboratory  facilities.  In  actual  ]iractice, 
requests  for  stool  culture  are  usually  ai)t  to  be  ordered  only  in  the  presence  of  an 
outbreak  or  when  the  symptoms  fail  to  respond  to  therapy  and  persist.  Further- 
more, sporadic  cases  as  compared  to  outbreaks  f3,  4,  5)  are  l  arely  reported  in  the 
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literature  so  that  the  actual  incidence  of  endemic  shigellosis  is  particularly 
difficult  to  ascertain. 

(^ne  luindred  and  fourteen  jiositive  isolates  of  Shi<:!;ella  were  obtained  at  the 
Greenpoint  Hosjiital  in  Brooklyn,  X.  Y.,  in  a  on(>-year  jieriod  extending  from 
Ajiril  1.  1963,  to  March  31,  1964,  thereby  indicatuiii  a  considerable  prevalence 
of  shigellosis  in  the  community.  Identification  of  each  strain  included  in  this 
rejiort  was  verified  liy  the  Xt  w  ^■ol■k  Salmontdla  Center  at  Beth  Israel  Hosifital, 
New  York,  X.  V.  .\s  a  l)a>i>  for  comparixm.  only  106  cases  of  bacillary  dyst'iitery 
were  reported  to  the  N\'\v  York  City  lleahh  Department  for  the  entire  city  of 
Xew  York  in  1962.  This  hii^h  incidence,  ho\\X'\-cr.  does  not  necessarily  repri-sent 
a  sudden  marked  increase  for  this  period  but  may  merely  icttect  an  endennc 
situation  broujiht  to  light.  A  consideiation  of  a  number  of  iiertinent  factors 
forms  the  l)a>is  foi-  the  jiresent  report. 

Greenjtoint  Hospital  is  a  small,  acute,  numicipal  hospital  located  in  an  area 
containing  many  industrial  establishments  as  well  as  low  income  residences.  Its 
bed  cai)acity  is  only  loO,  btit  its  out-])atients'  depai  tment,  ])articularly  its  jiedi- 
atric  clinic,  is  extremely  large  and  acti\-e  and  is  the  main  source  for  the  medical 
care  of  the  surrotmding  conuuumty.  The  population  from  which  its  ])atients  are 
drawn  consists  of  mainly  Negroes  or  Puerto  Pvicans  in  aiijiroximately  eciual 
numbers,  with  a  small  ])roportion  of  patients  of  Polish,  Italian,  Russian,  Czech, 
German  and  Austrian  origin.  The  vast  majority  of  jiatients  are  in  the  relatively 
low  income  grouji. 

The  age.  sex  and  ethiuc  origin  of  the  114  infected  |)atients  are  shown  in  Table 
I,  As  may  lie  obsci\-ed  fi'om  the  table,  most  of  the  ])atients  wei'e  children,  79% 
being  imder  12  yeai  s  and  60.6';  mitler  5  years  of  aiie.  However,  a  greater  degree 
of  infection  may  be  pre\-alent  among  achdts  than  is  indicated  l)y  these  data. 
Adults  do  not  seek  medical  care  for  them.selves  as  readily  as  they  do  foi-  their 
children,  especially  since  the  disease  is  mild  and  .self-limited  in  nature.  An  in- 
dication of  adult  ]H-evaleiice  is  ])i'ovided  by  the  finding  of  four  positive  iso- 
lates in  the  course  of  a  limited  sui  vey  among  50  ])regnant  mothers  attending  the 
prenatal  clinic,  an  approximate  incidence  of  8*;^ .  Furtheimore,  9  cases  occurred 
in  auxilliary  nursing  personnel,  all  of  whom  live  in  the  neighborhood,  although 
the  possibility  that  their  infection  might  have  been  acc^uired  in  the  course  of 
caring  for  patients  cannot  be  excluded.  Three  other  adult  isolates  were  pairnts 
of  children  with  positive  cultures,  and  may  have  been  the  source  of  theii'  chil- 
dren's infections.  All  of  the  above  provides  evidence  for  a  considerable  picvalence 
of  infection  among  adults  as  well  as  children.  As  for  ethnic  origin,  patients  of 
Puerto  Rican  origin  predominated  (60,5%),  followed  by  Negi'oes  (32.5%), 
whereas  the  remaining  group  furnished  only  7.0%  of  the  total. 

Additional  evidence  for  the  endemicity  of  this  disease  in  the  community  is 
provided  by  the  fact  that  89  of  the  114  cultures  were  obtained  from  out-i)atientp. 
Of  the  25  isolates  from  hospital  patients  and  staff.  9  jiositive  cidturcs,  as  men- 
tioned previously,  were  obtained  from  auxiliary  nursing  personnel  living  in  the 
community.  Of  tlie  remaining  16  strains  recovered  from  hos])ital  patients,  10  were 
in  recent  newborns  who  could  \-ei-y  well  have  been  infected  by  their  mothers, 
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who  in  turn  nii<i;lit  lia\-t'  been  already  infected  prior  to  their  a(huission  to  the 
hospital  for  delivery. 

The  number  of  positive  isolations  obtained  each  month  is  depicted  in  Fiiiure 
1.  As  may  be  observed  from  the  j^raph,  cases  contimied  to  a|)pear  thi-ou.iiihout  the 
entire  survey  period  and  this  scattered  di-tiibution  is  furthei'  e\idence  tor  the 
existence  of  community  infection.  The  number  of  isohites  per  month  \-aried,  the 
largest  number  occurring  in  the  i)ost-summer  perioil  tKini  September  tinough 
December  inclusive.  An  additional  flare-uj)  was  noted  in  .March  19()4. 

A  small  epidemic  accounted  for  a  total  of  8  cases,  all  inlectt'(l  with  Shigella 
flexneri,  Group  (i.  It  started  with  a  newborn  child  who  infected  three  other  new- 


T.A.IiLI':  I 

Age,  Sex  and  Ethnic  Origin  of  114  Patients  in  Whom  Shigella  Strains 
Were  Isolated 


Total 
(114) 

Per  cent 
total 

Sonnei 
(45) 

shigella  specie 

Flexneri 

(27) 

Alkalescens- 
dispar 
(42) 

Age 

Newl)i)rn  

10 

8.8 

1 

4 

5 

Under  1  vr  

23 

20.2 

9 

8 

6 

1-5  yrs  

3(3 

31.(3 

14 

5 

17 

6-12  vrs  

21 

18.4 

14 

3 

4 

13-20  VIS  

7 

6.1 

1 

1 

5 

17 

14.9 

6 

6 

5 

Sex 

57 

50.0 

27 

10 

20 

Female  

57 

50.0 

18 

17 

22 

Ethnic  origin 

Negro   

37 

32.5 

22 

6 

9 

Puert')  Ricaii  

G9 

60.5 

19 

20 

30 

Other  

8 

7.0 

4 

1 

3 

borns  as  well  as  three  nurse's  aides  working  in  the  newl)orn  nurseiy  within  a 
short  period  liefore  the  exact  nature  of  the  first  child's  illness  could  be  ascei'tained. 
The  mother  of  the  original  newboi-n  may  very  well  have  been  the  pi'imai'y  soui-ce 
for  the  entire  outl)reak  since  she  was  found  to  harbor  the  same  Shigella  si)ecies 
as  her  child. 

A  number  of  medical  and  technical  factors  contributed  toward  this  apparent 
increased  incidence  over  that  of  i)revious  yeai-s.  The  Mount  Sinai  Hospital 
assumed  medical  responsibility  for  Greeniioint  Hospital  in  July  of  1962.  as  a 
result  of  which  affiliation  markedly  expanded  niedical  and  laboratory  facilities 
became  available  to  tlie  lattei-  institution  afti  r  a  lucaking-in  ])eri()(l  of  several 
months.  The  added  numbei-  of  attending  iihysicians  participating  in  ])atient  care 
resulting  from  this  responsibility  m  tui'ii  resulted  in  many  more  stool  cultures  be- 
ing requested  in  susi)icious  cases  and  these  retiuests  could  now  l)e  readily  accom- 


34 


S.  S.  SCHXEIERSON  AXD  E.  BOTTOXE 


modatcd  by  the  laboratory.  A  technical  laboratory  procedure  was  also  newly 
introduced  which  had  not  been  employed  previously  that  also  contributed  toward 
the  relatively  large  number  of  positive  identilications.  This  consisted  of  boiling 
all  suspicious  cultures  for  30  minutes  jirior  to  their  being  slide-tested  for  ag- 
glutination with  a  Shigella  antiserum.  Although  a  susj)icious  Shigella  organism 


MONTH  ^  AMJJASONDJFM 
1963  1964 
Fio.  1.  Monthly  (list ril )Ut ion  ol'  11-1  Shiiii  lla  isolatos. 


Fig.  2.  (Lejt)  Positive  slide  agglutination  with  Shigella  flexneri  antiserum  of  Shigella 
fle.xneri  .strain  after  boiling  for  30  minute.s.  (Right)  Negative  agglutination  with  same  culture 
unboiled. 

may  be  tentatively  identified  on  the  basis  of  biological,  morphological  and  l)io- 
chemical  properties,  its  exact  nature  can  only  be  definitively  established  by  its 
positive  agglutinability  with  specific  Shigella  antiserum.  Some  strains,  however, 
are  not  agglutinated  or  agglutinate  poorly  with  specific  antiserum  unless  first 
heated  to  100°C  for  15  to  30  minutes  because  of  the  presence  of  a  heat  labile  in- 
hibitory substance  in  the  culture  (6) .  A  comparison  of  the  results  of  agglutination 
tests  performed  with  and  without  preliminary  boiling  of  the  culture  revealed 
that  whereas  all  4o  Shigella  sonnei  strains  agglutinated  with  specific  antiserum 
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irregardless  of  whether  or  not  they  had  been  boiled,  only  7  of  the  27  Shigella 
flcxneri  strains  and  only  8  of  the  42  Shigella  alkalcscens-dispar  strains  were  ag- 
glutinated by  their  specific  antisera  without  boiling.  Thus,  had  not  this  technical 
]Drocedure  been  initiated,  54  of  the  114  strains  in  this  series  would  have  been 
considered  as  some  organism  other  than  a  Shigella  and  missed.  A  negative  ag- 
glutination reaction  observed  with  an  unboiled  Shigella  flexneri  culture  as  com- 
pared to  the  positive  serological  reaction  obtained  with  the  same  strain  after 
boiling  is  illustrated  in  Figure  2. 

It  is  of  interest  that  during  the  same  period  under  consideration,  only  36  posi- 
tive cultures  for  Salmonella  were  obtained  as  compared  to  the  114  Shigella  iso- 
lates. Of  the  former.  27  were  obtained  from  out-patients  and  9  from  hospital 
patients,  thereby  indicating  the  existence  of  a  salmonellosis  reservoir  in  the  com- 
munity as  well,  although  to  a  lesser  degree.  Of  36  Salmonella  isolates,  18  were 
S.  typhimuriura;  6,  S.  heidelberg;  3,  S.  enteritidis;  2  each  of  S.  newport  and  S. 
typhi,  and  one  each  of  S.  saintpaul,  S.  infantis,  S.  blockley,  S.  kentucky  and 
S.  oranienburg. 
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Saliiioiiella  Derby  Infections  After 
( i ast  rointestinal  Surgery 

E.  MARVIN  SOKOL,  M.D. 
New  York,  N.  Y. 

Salmonella  infections  as  a  cause  of  postoperative  diarrhea,  occurring  within  a 
short  time  after  surgery,  have  rarely  been  reported  in  the  past.  The  recent  epi- 
demic of  hospital-associated  infections  with  Salmonella  derby  (1.  2l.  which  be- 
gan early  in  1903,  should  alert  the  surgi'on,  gastroenterologist  and  internist  to 
this  possible  postoperative  complication. 

The  most  common  causes  of  diarrhea  occurring  shortly  after  surgery  are  usu- 
ally felt  to  include  staphylococcal  or  ])S('udonu'nihranous  enterocolitis,  post- 
vagotomy  syndrome  with  hyi)ermotility  and  "dtunping,"  a  .surgically  created 
blind  loop  or  fistula,  monilial  and  viral  infections,  reactions  associated  with 
antibiotics  and  a  '"non-specific"  variety  (3). 

The  purpose  of  this  communication  is  to  outline  the  clinical  picture  of  sal- 
monellosis occurring  in  the  immediate  postoperative  period.  Thirteen  such  oc- 
currences were  noted  from  March  1963  to  February  1964  at  The  ]\Iotuit  Sinai 
Hospital  in  New  York  City.  Three  illustrative  cases  follow.  Table  I  demon- 
strates the  features  in  these  thirteen  cases. 

Case  1.  The  patient  was  a  52  year  old  man  with  a  fifteen-year  hi.>^tory  of 
duodenal  ulcer  disease.  Because  of  uncontrollable  and  i)crsistent  abdominal  pain, 
he  underwent  surgery  on  March  8,  1963.  A  subtotal  gastrectomy  with  vagotomy 
and  Billroth  II  anastomosis  was  performed. 

The  postoperative  period  was  uneventful  until  the  seventh  day  when  the  i)a- 
tient  developed  malaise  and  temperature  to  104°F  accompanied  by  five  loose, 
nonbloody  bowel  movements.  The  white  cell  count  was  13,600  and  the  patient 
became  quite  ill.  A  stool  culture  was  taken  at  the  onset  of  the  diarrhea  and  later 
reported  to  contain  S.  derby.  Blood  and  luiiie  cultures  were  negative. 

The  illness  was  unresponsive  to  intravenous  fluids  and  deodoi'ized  tincture  of 
opium.  On  the  third  day  of  fever  and  diarrhea,  chloramphenicol  and  methicillin 
were  begun  as  a  .staphylococcal  enteritis  was  suspected.  The  methicillin  was  dis- 
continued upon  receipt  of  the  culture  report.  The  diarrhea  continued  for  a  total 
of  seven  days.  At  the  time  of  discharge,  three  weeks  after  surgery,  the  patient  was 
asymptomatic  but  S.  derby  continued  to  be  present  in  cultures  of  the  stool. 

Ca.se  8.  A  22  year  old  woman  with  regional  ileitis  in\  ()lving  the  terminal  ileum 
was  admitted  on  December  23,  1963,  with  a  one-year  history  of  diarrhea,  weight 
loss  and  abdominal  pain.  She  was  treated  with  i)rednisone,  ACTH,  neomycin 
and  sulfathalidine  with  little  response.  An  ileocolic  resection  was  performed  on 
January  15,  1964.  Po.stoperatively  penicillin,  streptomycin,  chloramphenicol 
and  hydrocortisone  were  given.  During  the  first  postoi)erative  day  a  grand  nial 
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seizure  was  observed.  This  was  felt  to  be  related  to  the  steroid  therapj-.  On  day 
8,  another  seizure  occurred  and  a  temperature  of  10o°F  was  charted.  This  was 
accompanied  by  eight  loose  bowel  movements  during  the  next  36  hours.  A  leak 
at  the  anastomosis  was  feared.  A  white  cell  count  was  19,600.  Blood  cultures  were 
reported  as  negative  but  both  stool  and  urine  contained  S.  derby.  The  patient 
was  treated  with  ten  days  of  chloramphenicol  after  the  positive  culture  was  ob- 
tained. The  urine  culture  may  have  been  fecally  contaminated.  The  patient  was 
discharged  with  a  negative  stool  and  urine  culture. 

Case  10.  This  58  year  old  man  was  admitted  with  symptomatic  chronic  chole- 
lithiasis. He  had  a  cholecystectomy  on  January  6,  1964.  At  the  time  of  surgery, 
a  benign  gastric  ulcer  was  noted  and  a  subtotal  gastrectomy  with  a  Billroth  II 
anastomosis  was  performed.  There  was  no  vagotomy. 

Twelve  days  after  the  operation  anorexia,  nausea,  malaise  and  diarrhea  de- 
veloped. There  was  a  temperature  of  101  °F  and  four  loose  stools.  Salmonellosis 
was  suspected  by  the  attending  physicians.  A  gram  stain  of  the  stool  revealed 
no  gram-positive  cocci.  "White  cell  count  was  14,000.  A  stool  specimen  was  sent 
for  culture  and  S.  derby  grew  out.  There  were  negative  urine  and  blood  cultures. 
The  patient  was  treated  with  chloramphenicol  for  one  week  and  discharged 
asj-mptoniatic.  A  follow-up  .stool  culture  was  not  obtained. 

DISCUS.SION 

In  a  review  of  the  literature  similar  immediate  postoperative  salmonellosis 
has  been  reported  in  only  eighteen  previous  instances.  The  organisms  involved 
were  S.  enteritidis  1 4 1 .  S.  oranienburg  (5,  6) ,  S.  montevideo  (5) ,  S.  typhimurium 
(5),  S.  suipestifer  (7),  S.  typhosa  (8),  S.  muenchen  (9)  and  S.  choleraesuis  (10). 
The  majority  of  these  older  cases  involved  surgery  of  the  gastrointestinal  tract. 
Ten  of  the  thirteen  cases  reported  in  the  present  series  involved  gastrointestinal 
procedures. 

The  characteristics  of  postoi)erativc  salmonellosis  with  the  S.  derby  organism 
are  recorded  in  Table  I  and  in  the  three  case  reports.  The  Table  also  reveals  the 
series  to  be  divided  into  two  groups  by  date  of  infection.  Case  6  occurred  in 
September,  whereas  the  other  twelve  cases  occurred  either  in  the  March-April 
1963  period  or  at  the  end  of  the  twelve-month  period.  In  many  instances  toward 
the  close  of  the  year,  the  diagnosis  was  entertained  before  the  culture  was  re- 
ported. 

As  noted  in  Table  I,  gastrointestinal  surgery  was  performed  in  ten  of  the 
thirteen  instances.  Oophorectomy,  nephrostomy  and  splenectomy  were  the  ex- 
ceptions. Although  infections  became  manifest  from  the  fifth  to  the  twelfth 
postoperative  day,  the  majority  of  cases  appeared  on  the  seventh  and  eighth  day. 
There  was  usually  fever  accompanying  the  diarrhea  (Table  I).  The  diarrhea 
was  nonbloody  and  occurred  from  two  to  eight  times  in  a  twenty-four  hour 
period.  Only  Case  11  was  free  of  diarrhea. 

A  leukocytosis  of  13,000  to  20,000  was  present  in  nine  of  the  patients.  The 
organism  was  recovered  in  the  stool  in  twelve  instances.  The  urine  was  positive 
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for  S.  derby  twice  and  tlie  bile  was  positive  in  tlie  one  case  in  wliich  it  was  cul- 
tured. All  blood  cultures  were  sterile. 

The  duration  of  the  symptomatic  illness  was  from  two  to  four  days  in  most 
jiatients  but  the  severity  of  the  illness  was  mild.  Most  of  the  cases  were  l)etter  by 
the  time  definitive  therai)y  was  instituted;  however,  Cases  3  and  12  had  pro- 
tracted illnesses.  Death  occurred  once,  in  a  moribund  patient,  post-splenectomy 
for  Hodgkin's  disease.  This  death  rate  is  in  marked  contrast  to  the  older  cases 
of  i)ostoperative  salmonellosis  caused  by  other  species  in  which  one-third  of  the 
patients  succumbed.  As  of  June  1963,  the  Public  Health  Service  reported  16 
deaths  in  association  with  the  northeastern  United  States  outbreak  of  S.  derby. 
One  of  these  cases  was  a  53  year  old  man  who  had  "G.I.  surgery"  in  Pennsylvania. 

Table  I  also  shows  that  seven  cases  continued  to  harbor  S.  derby  in  the  stool 
despite  vigorous  and  iirolonged  antibiotic  therapy.  The  development  of  a  chronic 
carrier  state  constitutes  both  a  public  health  hazard  and  a  danger  for  the  individ- 
ual. Previous  workers  have  noted  that  in  182  cases  of  S.  derby  22^o  of  the  in- 
dividuals became  chronic  carriers  (11).  Chloramphenicol  along  with  other  anti- 
biotics in  some  instances  was  used  in  each  of  the  postoperative  cases  in  this  series. 
A  good  clinical  response  was  obtained  each  time  but  neomycin  in  addition  was 
utilized  twice  to  eradicate  the  organism. 

The  well-recognized  i)redisposition  of  a  patient  with  a  gastrectomy  to  Salmo- 
nella (12)  is  reflected  in  this  series,  since  six  of  the  group  had  gastric  surgery. 
Whether  the  same  predisposition  is  in  effect  in  short-term  postoperative  states 
as  in  patients  infected  months  to  years  after  surgery  is  not  clear. 

It  has  been  suggested  by  Waddell  et  al.  (12)  that  the  changes  in  gastro- 
intestinal status  that  might  predispose  these  patients  to  infection  include 
achlorhydria  and  rapid  gastric  emptying.  General  debility  and  altered  bacterial 
liora  postoperatively  may  also  play  a  role.  Gastrointestinal  disease  without 
surgery  api)arently  does  not  predispose  to  S.  derby  infections,  since  in  addition 
to  the  thirteen  cases  reported  here,  there  were  eleven  other  cases  at  this  hospital 
associated  neither  with  surgery  nor  gastrointestinal  disease. 

In  a  discussion  of  predisposition,  the  use  of  antibiotics  and  steroids  are  to  be 
considered.  Salmonella  infections  may  be  facilitated  by  antibiotic  alterations  of 
the  intestinal  bacterial  flora  (13,  14).  When  a  patient  undergoes  intestinal  sur- 
gery, and  may  or  may  not  have  been  on  antibiotics,  Bennett  and  Hooke  (13) 
state  that  "non-specific  diarrhea"  or  staphylococcal  enteritis  should  not  be  diag- 
nosed until  proper  bacteriologic  investigations  are  completed.  Similarly,  it  has 
been  suggested  that  steroids  depress  resistance  to  Salmonella  infections.  In  these 
thirteen  cases,  antibiotics  were  used  seven  times,  steroids  three,  and  in  three 
patients  both  antibiotics  and  steroids  were  used  prior  to,  or  immediately  after 
surgery. 

The  high  incidence  of  S.  derby  occurring  during  1963  has  brought  this  organ- 
ism to  the  attention  of  the  physician,  epidemiologist,  bacteriologist  and  hospital 
administrator.  According  to  the  U.S.  Public  Health  Service,  almost  2,000  cases 
of  infections  with  S.  derby  have  been  detected  between  March  and  December 
1963  (2) .  Of  these,  the  majority  were  hospital  associated.  Prior  to  this  outbreak, 
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the  relative  incidence  of  S.  derl)y  reprei^ented  2^'(  of  all  Salmonella  infections 
reported.  At  the  clof^e  of  1963.  it  accounted  for  8  to  14^(  of  all  Salmonella  infec- 
tions. 

The  remarkable  increase  is  obvious  at  this  institution  as  well.  For  the  ten- 
year  period  prior  to  March  1963,  S.  derby  had  been  isolated  but  once  (15) ;  how- 
ever, for  the  twelve  months  after  that  date,  there  were  24  cases.  Thirteen  of  these 
24  cases  constitute  the  present  experience  with  salmonellosis  after  surgery.  Dur- 
ing the  same  year.  Salmonella  infections  with  other  species  has  occurred  at  the 
usual  rate,  and  none  have  been  in  the  postoperative  period. 

The  epidemiological  characteristics  of  S.  derby  outbreak  in  hospitals  has  been 
discussed  by  Sanders  et  al.  (1).  The  outbreak  began  in  March  1963  involving 
hospitals  in  the  northeastern  United  States.  A  source  of  infection  was  later 
identified  as  raw  or  undercooked  eggs  to  account  for  the  sporadically  appearing 
multii)le  cases  in  various  i)arts  of  the  hospitals.  As  a  result,  it  was  recommended 
that  the  eggs  be  withdrawn  from  the  hospitals.  The  importance  of  Salmonella 
infections  as  related  to  animal  food  products,  particularly  eggs,  has  previously 
been  emphasized  (13,  14  i. 

A  secondary  spread  of  the  infection  was  noted  in  the  end  of  .June  1963  and 
the  epidemiologic  features  of  this  wave  suggested  person-to-person  spread  of 
infection  (12).  Investigations  at  this  institution  parallel  the  experience  as  re- 
corded by  the  Public  Health  Service. 

CO>'CLUSION 

Whether  or  not  these  cases  represent  new  infections  about  the  time  of  surgery 
or  were  flare-ups  of  carrier  states  in  i)atients  undergoing  surgery  can  not  be 
stated  with  certainty.  The  former  possibility  ai)pears  more  likely,  especially  in 
the  cases  appearing  in  March  and  April  1963.  The  characteristic  pattern  of  oc- 
currence one  week  after  gastrointestinal  surgery  in  patients  on  the  same  services 
seems  to  point  to  a  recently  acquired  infection. 

Finally,  it  is  concluded  that  in  a  patient  undergoing  gastrointestinal  surgery 
who  develops  fever  and  diarrhea  iwstoperatively,  salmonellosis  must  be  con- 
sidered. The  ai)proach  to  the  management  of  such  a  case  is  to  i)erform  a  gram 
stain  on  the  stool  for  staphylococcus.  If  the  stain  reveals  predominantly  gram- 
positive  cocci,  immediate  antistaphylococcus  therapy  should  be  instituted  (3 1 
as  a  delay  may  prove  fatal.  On  the  other  hand,  if  the  smear  does  not  indicate  a 
staphylococcal  etiology,  then  cultures  should  be  obtaincfl  and  antibiotic  treat- 
ment withheld  until  the  organism  has  l)een  identified. 

When  Salmonella  has  been  established  as  the  causative  agent,  rejjeat  stool 
cultures  should  be  obtained  to  identify  the  chronic  carrier  state. 

SI  .M.M.\KV 

Thirteen  cases  of  S.  derby  complicating  the  immediate  postoperative  period 
are  reported.  The  majority  of  cases  involved  surgery  of  the  gastrointestinal 
tract.  These  infections  were  part  of  the  widespread  hospital-associated  S.  derby 
epidemic. 
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The  patients  became  symptomatic  one  week  after  surgery  with  diarrliea, 
fever  and  leukocytosis.  Most  of  the  cases  were  mild  and  of  short  duration,  but 
chronic  carrier  states  may  have  been  established  in  a  number  of  instances. 

An  awareness  of  such  postoperative  infections  is  important  for  proper  and 
early  recognition  and  therapy. 

ADDEXDIM 

Since  completion  of  this  one-year  study  four  more  cases  of  iwstoiierative  S. 
derby  have  been  noted.  Two  were  in  gastrectomy  patients,  one  occurred  after  a 
cholecystectomy,  and  one  after  an  ileocolic  resection. 
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Studies  on  Biliary  Flow  and  Composition 
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Despite  numerous  studies  the  exact  mode  and  site  of  formation  of  bile  are  as 
yet  incomjiletely  understood.  On  the  basis  of  avaiUible  data  Brauer  (1)  divided 
the  major  biliary  constituents  into  three  classes  according  to  the  degree  of  con- 
centration they  cxi)crienced  in  their  passage  from  blood  to  bile.  According  to  this 
classification  Class  A  includes  the  electrolytes  as  well  as  other  substances  ap- 
pearing in  bile  in  concentrations  closely  reseml)ling  those  in  plasma.  It  remained 
for  Wheeler  and  Ramos  (2)  recently  to  advance  the  hyiiotliosis  that  part  of 
bile  is  constituted  by  an  electrolyte  fiactioii  analoiious  to  the  electrolyte  frac- 
tion of  pancreatic  fluid.  This  hypotlu-i-  \\a-  aimed  at  following  the  examina- 
tion of  bile  specimen  collected  from  uiiaiK  lu  >izi  il  cholecystectomized  dogs 
following  stimulation  with  secretin.  Assuming  endogenous  secretin  activity  under 
physiological  conditions  their  findings  ]M-esent  evidence  for  an  analogy  between 
biliary  and  pancreatic  secretion. 

In  view  of  the  importance  of  this  hypothesis,  the  present  study  was  undertaken 
with  the  following  objectives: 

A.  Confirmation,  if  possible  of  Wheeler  and  Ramos'  (  2)  results. 

B.  Further  investigation  of  biliary  secretion  and  flow  in  an  attempt  to 
gather  additional  evidence  for  or  against  this  hypothesis. 

C.  Extension  of  these  studies  to  humans. 

M.VTERIALS  AND  METHODS 

Studies  were  conducted  on  seven  human  volunteeis  and  five  trained  adult 
mongrel  dogs.  The  human  volunteers  were  all  jiaticnts  in  whom  a  T  tube  with  a 
balloon  on  the  distal  limb,  capable  of  blocking  the  distal  duct  during  bile  collec- 
tions, had  been  placed  between  one  and  two  weeks  previously  during  cholecyst- 
ectomy and  common  duct  exploration.  All  the  dogs  were  prepared  by  cholecyst- 
ectomy and  installation  of  a  Thomas  duodenal  fistula  apparatus  (3)  between 
two  and  three  months  prior  to  study.  In  addition,  one  of  the  dogs  was  prepared 
by  the  placement  of  an  Eck  fistula  by  end-to-side  portal  vein-vena  cava 
anastomosis. 

Studies  on  tlie  dogs  were  performed  in  tlic  unancstlicsizcd  state  witli  or  without 
bile  acid  rei)lacement.  The  l)ile  acid  used  was  a  commercial  i)reparation  of  Na 
Taurocholate  by  the  Dajac  Company.  It  was  administered  continuously  intra- 
venously as  a  1%  solution  by  the  method  described  by  ^^'lK•<']c'r  and  l^amos  (2) 
or  intraduodenally  as  a  10";  sohition  replacing  excreted  bile  ml  for  ml.  Bile 

From  the  Pancreatic  Research  Lal)oratory,  Department  of  >Suiner\-,  Tlie  Mount  Sinai 
Hospital,  New  York,  N.  Y.  Supported  by  NIH  Grant  #AM  03889-05. 
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was  obtained  by  free  flow  tlirougli  a  glass  cannula.  Secretin  studies  were  per- 
formed by  examining  the  flow  and  composition  of  bile  prior  to  and  following 
the  intravenous  administration  of  100  units  secretin  Vitrum  obtained  from  the 
Karolinska  Institute,  Stockholm,  through  the  courtesy  of  Professor  E.  Jorpes. 
Studies  with  Diamox  were  performed  following  the  administration  of  500  mg 
intravenously. 

"Stop  Flow'"  studies  were  conducted  by  raising  the  outflow  tube  connected 
to  the  glass  cannula  to  sufficient  licight  to  permit  spontaneous  cessation  of  biliary 
flow.  The  height  to  which  the  bile  column  rose  was  usually  between  12  and  18  cm 
above  the  jiapilla  of  Vater  with  the  dog  in  the  upright  position.  After  periods 
varying  between  5  and  12  minutes  multiple  specimens  of  0.6-1.0  ml  were  ob- 
tained, their  flow  rate  measured  and  their  composition  determined.  These  studies 
were  also  conducted  following  the  administration  of  secretin  and/or  Diamox  just 
prior  to  stojipage  of  the  flow.  The  outflow  tube  contained  approximately  0.4  ml 
which  were  mixed  with  the  first  specimen. 

The  human  volunteers  were  given  1.0  units/kg  of  secretin  Vitrum  intra- 
venously and  specimens  were  collected  prior  to  and  for  20  minutes  following 
the  administration  of  the  stimulant  as  the  peak  action  occurred  during  this 
time. 

Bile  acids  were  determined  by  a  modified  ^Nlinibeck  procedure  according  to 
the  method  of  Singer  and  Litschen  (4) .  HCO3  concentrations  were  determined 
by  the  method  of  Van  Slyke  and  Neill  (5)  and  chloride  concentrations  by  the 
method  of  Cotlove  ct  al.  (6).  Na  and  K  concentrations  were  measured  by  flame 
photometry  and  osmolality  with  a  Fiske  osmometer.  The  formulas  used  by 
Wheeler  and  Ramos  (2)  to  determine  the  volume  of  the  hypothetical  electrolyte 
fraction  Ve  and  the  concentrations  of  its  CI  and  HCO.3  ions  CIe  and  [HCOsJe  will 
be  referred  to  later  and  are  as  follows: 

[C1]e=;^-[C1]  (2) 

\  E 

[HC0.,1e  =  ^-[HCOj]  (3) 

\  E 


RESULTS 

1.  General  Considerations 

A.  The  dependency  of  biliary  flow  on  the  enterohepatic  circulation  of  bile 
acids  has  previously  been  noted  (7).  Resulting  difficulties  in  obtaining  adequate 
specimens  for  examination  prompted  the  adoption  of  the  technique  of  con- 
tinuous intravenous  Taurocholate  infusion  by  Wheeler  and  Ramos  (2).  In  our 
experiments  the  progressive  depression  of  biliary  flow  in  otherwise  healthy  dogs 
was  not  as  profound  and  rapid  and  permitted  experiments  of  one  and  a  half 
to  two  hours  duration  with  reasonable  accuracy  (Table  I). 
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B.  Measurement  of  concentrations  of  bile  acids,  Na,  K,  CI  and  HCO3  of  65 
bile  s])eciniens  confirmed  the  relationship  found  by  Wheeler  and  Ramos  (2) 
which  consists  of  Taurocholate  concentration  —  ([Xa]  +  [K])  —  ([CI]  + 
[HCOs]!  (Table  III. 

C.  ^Measurement  of  tlie  osmolality  of  25  specimens  demonstrated  the  isosmol- 
ality  of  bile  with  plasma  despite  marked  variations  of  the  concentrations  of 
the  separate  ionic  constituents  (Tables  I  and  III. 

D.  Instead  of  intravenous  replacement  of  bile  acids  according  to  the  method 
of  Wheeler  and  Ramos  (2)  intraduodenal  replacement  with  a  10%  solution 
of  Xa  Taurocholate  ml  for  ml  was  utilized  in  ajiproximately  half  the  experiments. 
This  method  was  found  to  be  as  effective  in  the  formation  of  a  steady  state  as  the 
intravenous  one. 

TABLE  I 


The  Effect  of  Secretin  on  Biliary  Flow  and  Composition 
(Representative  Dog  Experiment  Xo.  2061-1) 


Number  of  consecutive 
specimen 

Time  in 
min 

Volume 
in  ml 

Ve 

Cl  in 
mEq/L 

HCOj  in 
mEq/L 

ClE 

[HCO.lE 

CIe  + 
(HC0.1E 

1 

5 

8 

3 

44.9 

10.8 

121.3 

29.2 

150.5 

2 

30 

2.2 

0.8 

40.6 

15.6 

113.6 

42.1 

155.7 

Secretin  Vitrum  100  tinits  intravenously 

3 

15 

4.8 

3.4 

62.9 

46.5 

88.1 

75.1 

163.2 

4 

15 

3.0 

2.9 

72.9 

75.9 

73.7 

76.7 

150.4 

5 

15 

1.8 

1.1 

55.8 

36.3 

89.3 

58.1 

147.4 

It  is  seen  that  despite  the  absence  of  bile  acid  replacement  a  marked  effect  of  secretin 
was  present.  In  this  case  rising  HCO3  and  falling  Cl  concentrations  coincide  with  increased 
flow  rates. 

Ve  ,  CIe  ,  and  IHCOjIe— calculated  hypothetical  electrolyte  fractions  according  to 
formulae  of  Wheeler  and  Ramos  (2). 


2.  Common  Duct  Bile 

The  presence  of  5-10  ml  of  bile  in  the  common  duct  at  the  beginning  of  the 
experiments  as  noted  by  Wheeler  and  Ramos  l2i  was  confirmed.  The  composi- 
tion of  this  bile  is  depicted  in  Table  II.  We  too  noted  high  Taurocholate,  Xa  and 
K  concentrations  but  were  particularly  impressed  by  the  low  values  of  Cl  and 
HCO.3  concentrations.  When  the  Cl  and  HCO.j  concentrations  of  the  hypothetical 
electrolyte  fraction  are  calculated  according  to  the  method  of  Wheeler  and 
Ramos  (2j  a  tendency  to  approach  i)lasma  levels  is  noted. 

3.  The  Effect  of  Intravenous  Secretin 

The  effect  of  intravenous  secretin  on  biliary  flow  and  composition  was  tested 
in  eleven  dog  experiments  and  with  seven  human  volunteers.  In  all  cases  the 
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previously  ck'seribcd  (8,  9 1  increases  of  flow  rates  with  decreases  of  bile  acid 
concentrations  were  noted.  This  cfTect  was  e(iually  present  in  acute  experiments 
without  bile  acid  replacement  (Table  I). 

We  too  were  able  to  demonstrate  marked  elevations  of  CI  and  HC():{  con- 
centrations for  short  periods  following  administration  of  secretin.  It  was  noted 
however  that  even  when  the  hypothetical  electrolyte  fraction  was  calculated 
according  to  Wheeler  and  Ramos  (2)  its  volume  increases  and  its  HCO;;  con- 
centrations were  far  below  those  observed  in  pancieatic  fluid  followintj;  admin- 
istration of  similar  amounts  of  secretin.  The  tendency  of  the  CI  and  HCO..;  con- 
centrations of  this  fraction  to  equalize  at  approximately  75  iuE(i  L,  as  depicted 
graphically  by  Wheeler  and  Ramos  (2),  was  noted  by  us  as  well  (Tables  I  and 
II). 


TABLE  II 
The  Cotnposition  of  Coininon  Duct  Bile 


Dog  experi- 
ment no. 

Xa 
mEq/L 

K 

mEq/L 

Calculated 
Taurocholate 
mEq/L 

CI 

mEq/L 

HCO3 

mEq/L 

CIe 

[HCOJe 

C1e  + 
IHCOalE 

20(50-1 

206 

7.4 

153.3 

48.1 

12 

120.2 

30 

150.2 

2060-2 

244 

8.4 

212 

32.5 

6.9 

120.25 

25.5 

145.8 

2060-7 

192 

7.2 

143.5 

44.9 

10.8 

121.3 

29.2 

150.5 

2061-1 

192 

7.2 

143 

40.6 

15.6 

113.6 

42.1 

145.7 

2061-2 

200 

7.4 

162.5 

32.3 

12.6 

100.1 

39 

139 

2061-3 

230 

9.1 

195.1 

27.8 

16.2 

94.3 

55 

149.3 

It  is  readily  seen  that  concentrations  of  CI  and  HCO3  of  the  hypothetical  electrolyte 
fraction  tend  to  approach  plasma  levels. 


4.  CI  and  HCO.i  Concentrations 

Contrary  to  Wheeler  and  Ramos"  findings,  tlie  tendency  of  CI  and  HCO3 
concentrations  to  rise  (or  if  the  hypothetical  electrolyte  fraction  is  calculated, 
to  equalize  at  75  mEq/L)  was  found  in  all  cases  of  continuous  bile  drainage 
with  and  without  bile  acid  re])lacement.  Low  concentrations  were  found  only 
in  common  duct  bile  where  those  of  CI  and  HCO.i  of  the  electrolyte  fraction 
approach  jilasma  levels.  Xo  direct  relation  of  these  concentrations  to  the  rate  of 
biliary  flow  has  been  observed. 

5.  "Stop  Flow"  Studies 

When  flows  were  stopped  in  seven  experiments  for  5-12  minutes  and  multiple 
small  (0.6-LO  ml)  specimens  were  examined  (Table  III)  high  C!  and  HCO3 
concentrations  of  remarkable  uniformity  were  encountered.  With  administra- 
tion of  secretin  (Table  IV)  the  rate  of  flow  was  markedly  increased  suggesting 
secretion  against  pressure  but  CI  and  HCO3  concentrations  were  similar.  Fol- 
lowing administration  of  Diamox  (Table  V)  the  only  difference  noted  was  the 
markedly  higher  concentration  of  CI  and  concomitantly  lower  concentration 
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TABL1-:  III 
Stop  Flow  Study  with  Bile  Acid  Replacement* 
(Representative  Dog  Experiment  Xo.  2060-6 ) 


Pre-study 
specimen 

Consecutive  collections  of  0.6  ml 

CI  in  mEq/L 

65 

59.0 

53.0 

47.5 

49.0  53.0 

50.8  53.0 

47.5 

55.0 

53.0 

HCO3  in 

29 

40.0 

50.0 

48.0 

50.0  50.0 

50.0  50.0 

50.0 

50.0 

56.0 

niEq/L 

Flow  rate  in 

0.2 

0.9 

0.7 

0.52 

0.36  0.26 

0.3  0.4 

0.3 

0.25 

0.24 

ml/min 

CI  and  HCO3  concentrations  show  a  remarkable  consistency  with  values  comparable 
to  those  predicted  by  Wheeler  and  Ramos  (2)  for  high  flow  rates.  Here  the  values  remain 
similar  despite  changing  rates. 


*  Flow  stopped  for  10  minutes  by  raising  outflow  tube.  Bile  replaced  by  intraduodenal 
instillation  of  a  10%  soluticm  of  Na  Taurocholate  (Dajac;  ml  for  ml  fullowing  collections. 
Collections  of  approximately  0.6  ml. 


TABLE  IV 

Stop  Flow  Study  Following  Secretin  Administration* 
(Representative  Dog  Experiment  Xo.  2209-2) 


Consecutive  collect 

ons  of 

0 

9-1.0  ml 

5.0  ml 

40.0 

47.8  50.6 

50.6  51.3 

54.7 

55.4 

37.3 

HCO3  in  mEq/L  

28 

44  52 

52  42 

48 

48 

32 

Flow  rate  in  ml/minute  

2.4 

2.4  1.5 

1.1  1.8 

1.0 

0.5 

0.5 

Compare  these  findings  with  those  in  Table  III.  Note  the  much  higher  flow  rates  due  to 
secretin  with  essentially  comparable  CI  or  HCO3  concentrati(ms. 

*  70  units  pure  secretin  Vitrum  given  intravenously  one  minute  prior  to  stopping  flow 
by  raising  outflow  tube.  Bile  replaced  by  continuous  infusion  of  1%  Na  Taurocholate 
(Dajac)  s<flution  at  3  ml/minute. 


TABLE  V 

Stop  Floiv  Study  Following  the  Administration  of  Secretin  and  Diamoz* 
(Representative  Dog  Experiment  No.  2209-1) 


Consecutive  collections  of 


0.7  ml 

0.8  ml 

0.7  ml 

0.9  ml 

1.2  ml 

1.7  ml 

1.2  ml 

1.6  ml 

5.5  ml 

12  ml 

CI  in  mEq/L  

63.0 

84.2 

82.1 

95.2 

88.1 

94.3 

89.2 

81.0 

76.5 

70.2 

HCO3  in  mEq/L  

26 

36 

36 

36 

40 

36 

34 

32 

28 

22 

Flow    rate    in  ml/ 

minute  

2.1 

2.4 

1.7 

1.3 

1.2 

1.7 

1.0 

1.2 

0.7 

0.4 

Compare  these  findings  with  Table  IV  and  note  the  high  flow  rates,  higher  CI  and 
lower  HCOj  concentrations. 


•  70  units  pure  secretin  Vitrum  and  500  mg  Diamox  given  intravenously  one  minute 
prior  to  stopping  flow  bj'  raising  the  outflrjw  tube.  Bile  replaced  bj'  continuous  intravenous 
infusion  of  a  1%  Na  Taurocholate  (Dajac)  soIuti(m  at  3  ml/minute. 
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of  HCO;{ .  Here  too  onh'  the  first  sjiecinien  was  different  due  to  ailinixture  with 
a  small  amount  of  common  duct  bile  in  the  collecting  tube. 

6.  Studies  irith  Human  Volunteers 

As  seen  in  Table  VI  the  intravenous  administration  of  secretin,  as  previously- 
noted  by  Grossman  et  al.  (9),  markedly  increased  flow  rates  and  reduced  the 
concentration  of  bile  acids.  HCO;i  concentrations  increased  slightly  wlureas 
those  of  CI  did  not  change  significantly.  If  calculations  of  the  hypothetical 


T.\BLE  VI 

The  Composition  of  Human  Bile  Following  Secretin  Stimulation* 


Flow  rate 
ml/min 

CI  m£q/L 

HCO3 

mEq/L 

Calculated  bile 
acids  mEq/L 

Pt.  R.L. 

Pre -secret  in  

0.3 

95.3 

25 

37 

Post -secretin  

0.75 

91.6 

36 

24 

Pt.  F.S. 

Pre-secretin  

0.4 

101.5 

30 

Pdst -secretin  

1.4 

91.5 

40 

Pt.  A.D. 

Prosecretin  

0.4 

124.5 

18 

53.2 

Post -secretin  

1.2 

120.5 

43 

1.9 

Pt.  P.M. 

Pre-secretin  

0.2 

100 

48 

Post-secretin  

0.7 

90 

40 

Pt.  D.R. 

Pre-secretin  

0.3 

101.3 

32 

Post-secretin  

1.2 

102.8 

40 

Pt.  I.W. 

Pre-secretin  

0.2 

104.6 

20 

40.0 

Post-secretin  

1.1 

91 

28 

35.4 

Pt.  J.C. 

Pre-secretin  

0.4 

91 

20 

45.2 

Post-secretin  

1.1 

89 

43 

27.4 

Note  markedly  increased  flow  rates  in  all  cases  and  reduced  concentrations  of  bile  acids 
in  all  but  one  case.  Increases  of  H('();,  ((mccntration  occurred  in  all  but  one  case  whereas 
CI  concentrations  did  imt  change  significantly. 

*  Studies  were  conducted  mi  seven  patients  following  cliolec\-stectomy  and  common 
duct  exploration.  T  tuhes  used  in  tlicse  cases  carried  a,  halioon  on  the  distal  limb  permitting 
closure  of  the  distal  duct  during  studies  to  i)revent  jjancreatic  reflu.x.  Studies  performed 
between  one  and  two  weeks  following  the  operation.  Specimen  were  collected  prior  to  and 
for  20  minutes  following  the  intravenous  administration  of  1.0  units/kg  of  secretin  Vitrum. 

electrolyte  fraction  are  applied  to  these  findings  it  is  readily  seen  that  the 
tendenc}''  of  the  concentrations  of  CI  and  HCO3  to  approach  75  niEq/L  is  by 
far  not  as  marked  as  in  the  bile  of  dogs. 

DLSCUSSIOX 

Attempts  to  elucidate  the  exact  mode  of  bile  formation  have  not  only  been 
hampered  by  technical  difficulties  in  observing  bile  flow  and  collecting  specimens 
without  altering  physiological  mechanisms  but  also  by  species  differences  be- 
tween the  animals  used  (10)  and  by  the  multitude  of  factors  involved. 

Although  the  method  utilized  by  Wheeler  and  Ramos  (2)  approaclies  physio- 
logical conditions,  the  objection  may  be  raised  that  continuous  flow  of  bile  in  the 
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cholocystcctoniizcd  dog  is  not  txiuivalcnt  to  normal  collection  of  bile  in  the 
biliary  ducts  with  intermittent  ejection  into  the  duodeninii.  It  must  be  assumed 
that  possible  major  influences  on  bile  during  its  passage  "downstream"  may  be 
minimized  during  these  experiments.  In  addition  pressure  differences  at  the 
major  site  of  formation  of  bile  may  also  he  of  importance. 

The  attempt  to  circumvent  these  objections  by  utilizing  "Stop  Flow''  studies 
with  the  hope  of  finding  different  sites  of  influence  on  biliary  constituents 
failed.  While  the  uniformity  of  electrolyte  concentrations  may  be  due  to  rapid 
diffusion  it  may  also  point  to  a  site  of  secretion  of  Class  A  substances  farther 
downstream  than  jireviously  assmned. 

Since  the  mucosa  of  the  intestinal  tract  is  capable  of  active  electrolyte  transfer 
involving  particularly  HCO:j  (111,  the  developmentally  related  bile  ducts  may 
also  function  in  tiiis  manner.  Rous  and  McMaster  (12 1  showed  that  obstructed 
ducts  were  capable  of  secreting  clear,  slightly  alkaline  fluid.  Ravdin  et  al.  (13 1 
studied  galll)ladder  function  and  i)roved  the  jiossibility  of  active  electrolyte 
transfer  through  its  mucosa.  Herman  ct  al.  (14)  showed  that  the  concentration 
of  HCO3  in  the  guinea  pig  gallbladder  was  lowered  in  the  presence  of  bile  acids 
and  invoked  the  Donnan  effect  to  explain  this  finding.  These  data,  combined  with 
our  own,  point  to  imjiortant  active,  although  far  from  completely  defined, 
influences  of  the  bile  ducts  on  the  final  composition  of  bile  under  physiological 
conditions. 

Since  Dreiling  and  Janowitz  do)  advanced  the  hypothesis  that  the  mechanism 
of  pancreatic  secretion  is  best  explained  by  the  formation  of  a  primary  fluid 
consisting  of  XaHCO.-j ,  isotonic  with  blood  and  undergoing  alteration  in  the 
ductular  .system,  the  above  data  may  be  assumed  to  further  point  to  an  analogy 
between  pancreatic  and  biliary  secretion.  However,  it  must  be  pointed  out  that 
volume  and  HCO3  concentration  differences  l)etween  jiancreatic  fluid  and  the 
liyi)Othetical  biliaiy  electrolyte  fraction  remain  unexplained.  Although  endoge- 
nous secretin  may  well  act  under  physiological  conditions,  its  mode  and  sit<> 
of  action  in  pancreas  and  liver  remain  obscure.  It  is  possible  that  its  activity 
differs  at  different  sites  of  the  biliary  system,  thereby  explaining  the  absence 
of  an  antagonistic  effect  of  Diamox  as  observed  in  the  jiancreas. 

In  an  attempt  to  elucidate  .sites  of  secretion,  recent  anatomical  and  liistological 
studies  provided  additional  important  data.  Ashworth  and  Sanders  (16)  showed 
the  presence  of  two  i)athways  from  the  liver  cell,  one  directly  from  the  cell 
through  a  meml)rane  carrying  microvilli  suggesting  an  energy  consuming 
transfer  mechanism  and  one  through  narrow  channels,  cai)able  of  ultrafiltra- 
tion. The.se  studies  were  conducted  on  livers  from  rats  and  humans.  Edlund  and 
Hanzon  (17)  showed  that  branches  of  tiie  intercellular  bile  capillaries  entered 
into  the  sinusoidal  wall.  In  addition  Elias'  (I81  studies  .supi)ort  the  concejit  of 
the  presence  of  a  peribiliary  plexus  supplying  l)iliary  ductular  cells.  Evidence 
of  preferential  ductular  secretion  of  BSP  during  perfusion  studies  in  dogs  has 
been  presented  (19).  Singer  et  al.  (20)  showed  differing  rates  of  .secretion  of 
biliary  comi)onents  in  case  of  proliferation  of  ductidar  cells  following  the 
administration  of  ethionine  to  rats. 
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The  i)rest'nce  of  preferential  sitet;  of  secretion  of  different  substances  points  to 
an  additional  difficulty  of  interpreting  the  dcscrihed  cxpciinients  by  Wheeler 
and  Ramos  (2).  While  continuous  intravenous  infusion  of  bile  acids  seems  to 
circumvent  the  interrujition  of  the  enterohepatic  circulation,  it  may  alter  the 
l)referential  route  of  action  of  bile  acids.  Altliou>2;h  Sclnlf  l7l  already  pointed 
out  that  the  enterohepatic  circulation  was  active  despite  lijiation  of  the  portal 
vein,  Foster,  Hooper  and  Whipple  (21 1  showed  that  less  than  half  the  normal 
amount  of  bile  acids  was  scci  cted  in  the  i^'esence  of  an  Eck  fistula.  A\'e  were  able 
to  confirm  these  findiii<i:s  in  the  case  of  one  dog  in  whom,  in  addition  to  the 
cholecystectomy,  antl  i)la(H  iueiit  of  a  Thomas  duodenal  fistula,  and  end-to-sidc 
portal  vein-vena  cava  anastomosis  had  been  pt'rformed.  The  replacement  of 
bile  acids  intraduodenally  might  therefore  be  a  more  physiological  route.  The 
possible  action  of  vascular  and  nervous  influences  on  bile  secretion  (22)  during 
intravenous  bile  acid  replacement  must  also  be  considered.  It  is  obvious  that 
further  studies  are  neetled  in  order  to  define  the  exact  function  of  the  described 
sites  of  secretion. 

While  our  findings  with  human  vohniti'ers  confirm  the  findings  of  Grossman 
et  al.  (.9)  and  show,  to  a  diminislicd  dcgice,  the  electrolyte  changes  observed  by 
Wheeler  and  Ramos  in  doi^s.  they  arc  adnnttc(lly  unphysiological,  having  been 
conducted  on  recently  operated  patients.  It  should  how^ever  be  noted  that  the 
presence  of  a  balloon  blocking  the  distal  limb  prevented  the  reflux  of  pancreatic 
fluid  and  thercl)y  again  proved  the  choleretic  action  of  secretin.  Here,  too, 
we  are  unable,  despite  obvious  response  to  secretin  of  the  electrolyte  con- 
centrations, to  establish  the  presence  of  an  electrolyte  fraction  analogous  to 
pancreatic  secretion. 

CONCLUSION 

Despite  much  factual  evidence,  the  exact  mechanism  of  bile  formation  and 
flow  regulation  has  as  yet  not  been  satisfactorily  explained. 

Our  studies  confirm  Wheeler  and  Ramos'  (2)  findings  with  exception  of  their 
reported  direct  relationship  between  the  rate  of  biliary  flow  and  the  concentra- 
tion of  CI  and  HCO3  .  While  analogy  between  pancreatic  and  biliary  secretion 
is  suggested,  several  important  differences  between  pancreatic  fluid  and  the 
hypothetical  biliary  electrolyte  fraction  are  pointed  out.  Two  important  theoreti- 
cal objections  to  the  physiological  state  of  these  experiments  are  also  raised  and 
the  need  for  further  studies  is  stressed. 

In  addition,  our  studies  suggest  that  the  ductal  mucosa  may  play  a  hitherto 
unstressed  role  in  the  formation  of  bile  prior  to  its  arrival  in  the  duodenum. 
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Percutaneous  Transfemoral  Kenal  Arteriography 

ELLIOT  LEITER,  M.D.,  and  HERBERT  BREXDLKK,  M.D. 
Xvw  York,  X.  y. 

Our  results,  in  the  past  several  months,  with  aorto<];rai)hy  and  selective  renal 
angiography  performed  by  the  pei'cutaneous  transfemoral  route  have  been  most 
satisfactory.  We  feel  that  this  method  of  outliiiin.^  ihe  ahdoiiiiiial  aorta  and  its 
branches  deserves  wider  application  and  it  is  the  jjurpose  of  this  papci'  to  describe 
our  recent  experience.  Some  of  the  advantaiies  of  the  retro,^radc  I'cmoi  al  catheter 
method  will  be  mentioned,  and  representative  films  will  be  demonstrated. 

mp:thods 

Our  technique,  with  minoi'  modifications,  is  essentially  that  introduced  by 
Seldinger  111  and  recently  (U'sdihcd  in  di'tail  by  Miller  ct  <tl.  (2 1. 

No  preparation  is  usually  necessary,  but  the  patient  should  have  no  food  for 
12  hours  prior  to  study.  With  the  patient  supine,  a  i)ercutaneous  puncture  of 
the  right  femoral  artery  is  done  under  local  anesthesia.  A  stainless  steel  guide 
wire  is  introduced  well  up  into  the  iliac  artery.  The  cannula  is  then  withdrawn, 
while  the  guide  wire  is  left  in  place.  I^ocal  digital  jiressure  is  ai)i)lied  to  prevent 
bleeding  until  a  radiopaque  ])olyethylenc  catheter  is  threaded  over  the  guide 
wire,  and  passed  to  the  level  of  the  renal  arteries.  For  aortography  we  use  a 
straight  catheter  with  several  side-holes,  while  for  selective  angiography  a  pre- 
shaped  catheter,  with  a  single  terminal  hole  is  introduced  (3).  These  two 
catheters  are  intercliangeal)le  in  the  course  of  the  procedure  so  that  both 
aortography  and  selective  arteriogra])hy  can  be  performed  as  a  single  examina- 
tion. 

For  aortography  we  use  25  cc  of  either  50'^ c  hypaque  or  Angio-Conray,  depend- 
ing on  the  size  of  the  patient,  introduced  with  a  Gidlund  pressure  injector.  For 
selective  renal  arteriography,  5-6  cc  of  either  50%  or  75%  hypaque  are  rapidly 
injected  by  hand.  In  both  cases,  multiple  exposures  are  taken  with  a  Schonander 
rapid  film  changer. 

After  satisfactory  films  have  been  obtained,  the  catheter  is  removed  from 
the  femoral  artery.  Direct  digital  pressure  is  ai)plied  until  heniostasis  is  complete. 
No  pressure  dressing  is  usually  necessary. 

The  patient  remains  in  bed  for  approximately  12  hours  following  the  proce- 
dure, and  then  may  be  up  and  about  without  restriction.  The  usual  time  required 
for  an  average  procedure  is  about  one  hour. 

RESULTS 

During  a  seven-month  period,  56  procedures  were  ]x>rfornied  in  54  patients 
using  the  method  described  above.  Thirty-three  patients  had  aortography  alone. 
We  did  selective  renal  arteriography  on  17  patients  and  4  patients  had  aortog- 
raphy and  simultaneous  selective  catheterization  of  one  renal  vein.  The  studies 
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luivc  been  of  unifoi'iiily  j^ood  (luality  and  in  vii'tually  all  cases  have  Ix'cn 
(Hajiiiostic.  We  were  unable  to  pass  the  catheter  l)eyon(l  the  aoi'tic  bifurcation 
in  only  one  jiatient. 

The  use  of  a  rapid  fihn  changei'  enables  us  to  <2;et  se\-ei'al  exposures  in  the  1  to 
2  seconds  the  arteries  are  filled  with  contiast  (Fig.  1).  Duiinj^  this  "arterial 
phase"  various  abnormalities  can  be  demonstrated. 

Figure  2  shows  a  normal  left  renal  artery,  and  ri<2;ht  ix'ual  ai'tery  stenosis  with 
post-stenotic  dilatation.  Fi<;ure  3  demonstrates  a  vei'y  small  left  renal  ai'tery, 
partially  obscured  by  overlying  spU'uic  vessels,  and  severe  light  icnal  artery 
stenosis  with  post-stenotic  dilatation.  Figvu'e  4  shows  fibromusculai'  hypt  rpla-ia 
of  the  right  renal  artery  in  a  20  year  old  girl  with  severe  hypei-tension.  Figiu'e  5 
shows  an  accessory  artery  to  the  lower  pole  of  the  left  kidney,  an  anomaly  that 
occurs  in  ai)i)roximately  15'';  of  normal  jiatients.  Figure'  6  shows  typical 
"l)ud(lling"  in  the  upper  pole  of  the  right  kidney,  consistent  with  right  renal 
tumor. 

The  arterial  phase  is  inniiediately  followed  by  the  neiihrogram  phase.  As  the 
contrast  material  localizes  within  the  renal  jiarenchyma  the  renal  outlines  are 
well  seen  (Fig.  7).  Additional  information  al)Out  renal  size,  contour  and  [losition 
is  obtained  at  this  time.  Figure  8  shows  an  atrophic  jiyelonephritis,  and  Figure  9 
shows  a  liypoplastic  right  kidney. 

Comjilications  of  retrograde  femoral  aortography  have  been  descriljed  in  the 
literature  (4,  5).  We  have  had  one  thus  far.  A  39  year  old  Puerto  Rican  male 
with  sickle  cell  disease  had  an  uneventful  selective  catheterization  of  his  left 
renal  artery.  Three  weeks  later  an  occlusion  of  the  iliac  artery  recuiiring  aorto- 
femoral  bypass  was  demonstrated. 

We  have  had  relatively  little  troul)le  with  hematomas  following  tlie  procedure, 
although  four  patients  have  needed  some  jiressure  ovvr  the  site  of  [nmcture  after 
they  returned  to  their  rooms.  One  patient  with  severe  hy))ertensive  cardiovas- 
cular disease  suffered  a  myocardial  infarction  immediately  following  aortog- 
raphy, but  recovered  uneventfully.  'NMiile  it  is  conceivable  that  this  was  related 
to  the  procedure,  similar  patients  have  undergone  aortograi)hy  without  complica- 
tion. 

DISCUSSION 

In  our  hands,  renal  angiography  by  the  jiercutaneous  femoral  route  has  certain 
advantages.  The  patients  can  lie  comfortably  on  their  backs  thi'oughout  the 
course  of  the  procedure.  There  is  no  blind  i)unctuie  of  the  aorta,  and  intiamural 
injection  of  contrast  is  quite  unlikely.  After  removal  of  the  needle,  l)leeding  is 
easily  controlled  with  direct  pressure.  With  inmcture  of  the  arteiy  below  the 
inguinal  ligament,  any  bleeding  which  may  occur  is  sujierficial  and  can  be 
detected  promptly. 

The  most  important  advantage  of  this  technicjue  lies  in  the  (juality  of  the 


Fic.  lA.  Xormal  venal  arteriogram.  Early  arterial  ]>lia.se. 
Fig.  IB.  Xormal  renal  arteriogram.  Mid-arterial  i)lia.<e. 
Fig.  IC.  Xormal  renal  arteriogram.  Late  arterial  i)ha.se. 
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Fig.  2.  Aortogram.  Right  renal  artery  stenosis  with  post-stenotic  dilatation. 


Fig.  3.  Aortogram.  Small  left  renal  artery  behind  .splenic  and  .superior  ine.senteric  arteries 
and  severe  right  renal  arterj-  stenosis. 

films  which  are  obtained.  We  can  routinely  expect  informative  studies.  Since 
the  catheter  can  be  placed  at  any  desired  level,  and  the  patient  placed  in  any 
desired  position  after  insertion  of  the  catheter,  adequate  delineation  of  the  area 
in  question  can  be  virtually  assured.  Since  the  right  renal  artery  often  originates 
somewhat  anteriorly  we  have  not  infrequently  had  to  use  a  right  oblique 
decubitus  jiosition  in  order  to  visualize  its  origin.  This  is  well  shown  in  Figure  10. 
The  right  oblifjue  decubitus  shows  a  moderate  stenosis  at  the  origin  of  the  right 
renal  artery,  that  is  not  all  apparent  on  the  anterio-posterior  jn-ojection. 
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Fig.  4.  Aortogram.  Fibromuscular  hyperplasia  in  the  (Ustal  onc-thinl  of  the  main  right 
renal  artery  and  the  early  portion  of  the  anterior  branch. 


^3 

Fig.  5.  Aortogram.  Main  left  renal  artery  originating  at  first  luniliar  intcr,s])ace.  Accessory 
left  renal  arteiy  originating  at  second  lumbar  interspace. 

The  introduction  of  a  preshaped  catheter  also  makes  possible  the  selective 
catheterization  of  many  of  the  branches  of  the  abdominal  aorta.  The  injection 
of  a  small  amount  of  contrast  material  directly  into  the  renal  artery  does  away 
with  the  problems  of  overlying  intestinal  vessels  that  can  be  so  troublesome  with 
simple  aortography.  It  also  allows  for  superior  delineation  of  both  the  arterial 
and  nephrogram  phases  by  making  it  possible  to  deliver  a  more  concentrated 
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Fig.  7.  Aoitogram.  Xornial  n('i)hrofiiani. 
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Fig.  S.  Aortugiam.  Xoiihrofrram  ili  iiiiiii>i  laiiug  atroi>hic  right  pyelonephritis. 


Fig.  9.  Aortogram.  Nephrogram  deninn-i  i  ai  mi;  li\ i  im|  ila-i  k-  nsilit  kidney. 

bolus  of  contrast  material  in  a  shorter  period  of  time  (Fig.  11).  Since  tubular 
capacity  is  exceeded,  it  is  not  unusual  to  visualize  the  renal  vein  with  a  study  of 
this  sort  (Fig.  12) . 

We  have  found  selective  renal  arteriography  to  he  most  useful  in  the  differ- 
entiation of  renal  tumors  and  renal  cysts  (Figs.  13,  14).  There  has  been  excellent 
correlation  between  the  angiographic  representations  and  the  surgical  speci- 
mens. By  performing  a  femoral  vein  punctui'c,  the  renal  veins  can  be  out- 
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Fig.  IIA.  Selective  lefl  renal  diofirani .  Kailv  aitenal  phase. 
Fig.  IIB.  Seleelive  lell  renal  arteriogram.  Late  arterial  pha.v. 
Fig.  lie.  Seleeti\-e  lefl  renal  arteriogram.  Xcphrogram  iiha.^e. 

lined  as  well  (Fig.  loi.  While  we  have  been  most  interested  in  the  renal  vessels, 
we  have  also  oatheterized  other  vessels.  Fijiure  16  denionsti'ates  injection  of 
the  celiac  artery  in  a  ])atient  with  cai'cinoid  syndrome  and  hepatic  metastases. 

Clearance  studies  hnw  shown  that  direct  renal  arterial  injection  of  contrast 
material  results  in  only  tran.-ient  chanties  in  renal  fum-tion  Mil.  There  i.-  no  pain 
with  the  injection,  and  in  our  limiteil  experience  there  ha^•e  heen  no  infections. 
With  the  technicjue  emi)loyed,  we  lia\(  had  no  aneiiiy-m>.  or  arteii()\-cn()us 
fistulae.  Femoral  artery  thrombosis  always  presents  a  i)otential  threat,  and  we 
have  a  vascular  surgeon  alerted  in  case  this  should  occur. 
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Fig.  14A.  Soloctivc  rijilil  rcn:il  arlcriocnmi.  Mid-arlcrial  pliasc.  "S])i(ici-y"  vcssols  ovcrlyiiiK 
renal  cysts  b((iiiiiiin(r  I')  \  i-iKilizc. 

Fig.  14B.  Sr|i.ii\,  kh.,!  artorioniam.  Late  arterial  pha-se.  Fiirlljcr  delineation  of 

attenuated  arii  ii«  -  V.iii  (  of  abnormal  tumor  ves.sel.s. 

Fig.  14C.  Si  |i  r  I i\ I  njilii  k  nal  artoriofirain.  Xephrodram  phase.  Multiple  radiolucent  areas 
con.«istent  with  renal  cy.^ts.  Xule  ah.sence  of  tumor  .-^laiiiinc  or  iiiiddliiifi. 
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Fic.  15.  Select i\e  right  renal  venogram 


Fig.  16.  Selectni  iiiii  /iikhi  of  celiac  ariciy  in  patient  with  huge  liver  .secondary  to 

carcinoid  hepatic  mcta.-i a.-c.-. 

SUMMARY  AND  CONCLrslONS 

In  the  pa^t  several  months  we  have  performed  56  percutaneous  femoral  artery 
catheterizations  for  the  purpose  of  aortography  and  selective  renal  angiography. 
We  feel  that  this  is  an  excellent  method  for  outlining  the  abdominal  aorta  and  its 
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branches.  AVe  are  uniformly  al)le  to  obtain  excellent  visualization  of  these 
vessels.  One  serious  comjilication  has  been  observed. 
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Keloids:  A  New  Treatment 


Three  Case  Reports* 

ROBERT  A.  FISCHL,  M.D..  F.R.C.S.t 

Lonihtu,  EngUtiitl 

In  s]iite  of  tlu'  fact  that  keloids  Wdxc  hvvn  known  for  a  long  time,  and  that 
they  have  ])rol)al)ly  oeciirred  in  sur.tiical  wounds  us  long-  as  surgeons  !ia\'e 
been  at  work,  there  has  l)ei'n  vi'ry  little  pi'ogrt'ss  in  the  uni-aveling  of  the  mys- 
tery of  their  causation  or  in  their  elfective  treatment. 

Alibert  (1)  in  1806  was  the  first  to  descrihe  the  ai)]iearance  of  keloid  scars 
in  humans.  Since  then,  there  have  hvcw  further  repoi'ts  of  their  ai)pearance  in 
horses,  cattle  and  dogs  (2).  Their  etiology  is  still  as  uncertain  as  when  they 
were  first  dcscrii)ed,  hut  their  association  with  cei'tain  featui'es,  such  as  i)ig- 
mentation,  the  amount  of  collagen  in  the  skin  l3l,  special  sites  in  the  l>ody, 
>lo\v-healing  wounds,  certain  endocrine  states,  l)ui-ied  keratin  (4,  5),  some 
fannlies  and  certain  ract's,  has  been  well  documente(l.  The  only  incontroverti- 
ble features  appear  to  be  that  they  are  associated  with  proliferation  and  hy- 
])eractivity  of  the  fil)roi)lasts  in  a  healing  wound  and  that  this  results  in  ex- 
cessive laying  down  of  collagen  fibers. 

The  treatments  suggeste(l  have  l)een  eciually  numerous.  Surgical  excision 
and  abrasion,  the  use  of  caustics,  eradication  of  the  lesions  by  extreme  heat 
(cautery)  or  cold  iCO-  snowi  is  variously  ]iracticed.  The  recurrence  rate  is 
high.  Treatment  by  means  of  radiotherapy  (6)  has  had  some  success,  as 
has  the  local  or  systi'iuic  administration  of  a  variety  of  steroids  (7,  8).  These 
have  been  used  alone  or  combine(l  with  smgery.  Probably  the  best  results  ob- 
tained have  been  with  surgical  excision  followed  by  x-ray  therapy,  and  this 
is  the  method  in  use  at  most  centers,  jaute  fie  iiiieux.  By  means  of  this  com- 
bined therapy  a  61  per  cent  success  l  ate  has  l)een  reported  by  Cosman,  Crike- 
lair,  et  al.  l2l.  This  is  the  usual  experience  of  most  surgeons  treating  keloids. 

We  have  been  dissatisfied  with  the  limited  chance  of  success  to  be  ex- 
pected from  the  therapeutic  agents  in  use  at  the  pri'sent  time.  It  seemed  reason- 
able to  expect  that  if  multiplication  of  cells  could  be  reduced  by  antimitotic 
drugs  the  formation  of  a  keloid  would  be  i)i'evented.  This  hypothesis  was 
partly  confirmed  when  it  was  found  that  a  keloid,  which  had  been  present  for 
many  years  on  the  leg  of  a  i:)atient,  began  to  undergo  spontaneous  resolution 
after  the  patient's  pelvis  was  perfused  with  a  cytotoxic  drug  for  a  pelvic 
carcinoma  (9). 

It  was  decided  to  apply  the  effect  of  the  chemical  antimitotic  agents  to  the 
treatment  of  keloid  scars.  We  have  used,  in  the  first  place,  one  of  the  less 
toxic  of  the  drugs,  and  applied  it  only  to  the  surface  of  the  scar  resulting  from 

*  Plastic  Surgeiy  and  Burns  Unit,  Queen  Mary's  Hospital,  Roehaniiiton,  London,  England, 
t  Presently  Plastic  Surgeon,  Department  of  Surgeiy,  City  Hosi)ital  at  Elnlhul•^^t,  Affiliate 
of  The  Mount  Sinai  Hospital,  New  York,  X.  Y. 
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the  excision  of  a  keloid.  In  this  way.  some  wouhl  be  absorl)e(l  at  the  point 
where  its  action  is  needed  without  any  apjireciable  systemic  effect.  The  quan- 
tity used  (50-100  milligrams  of  a  O.oSr  concentration  of  ThioTEPA  in  a  base 
of  aqueous  cream)  could  hardly  be  expected  to  produce  any  systemic  effects, 
even  if  it  were  totally  absorbed.  However  as  the  teratogenic  effect  of  these 
drugs  has  not  been  explored,  it  was  deemed  wise  to  treat  only  patients  who 
were  not  pregnant,  and  to  cany  out  routine  estimations  of  the  hemoglobin 
and  white  blood  cell  counts. 

C.\SE  xo.  1 

D.L.  is  a  16  year  old  jjirl  who  has  been  an  ei)ilei)tic  for  the  last  five  years. 
During  an  attack  in  July  1962  she  burnt  the  right  arm  on  the  lateral  side 
of  the  antecubital  fossa.  This  burn  took  five  or  six  weeks  to  heal.  A  keloid  de- 
veloped which  has  been  unchanged  during  the  six  months  before  admission. 
It  was  3.0  cm  in  length  and  1  cm  in  width,  lying  in  a  horizontal  band  just 
lateral  to  the  antecubital  fossa. 

On  October  16,  1963,  the  keloid  was  excised  and  a  Wolfe  graft  from  the 
right  iliac  fossa  was  sutured  into  its  place.  The  Wolfe  graft  "took"  well,  but 
there  were  two  areas  at  the  periphery  which  had  not  healed  {i.e.,  80'^r  of 
the  Wolfe  graft  healed).  It  was  decided  to  wait  before  applying  ThioTEPA 
in  order  to  allow  complete  healing  to  take  place.  However,  three  weeks  after 
excision  of  the  keloid,  there  were  signs  of  recurrence  of  the  keloid  in  the  scar 
surrounding  the  Wolfe  graft.  It  was  becoming  red,  raised,  thickened  and 
tender.  Accordingly  the  first  application  of  ThioTEPA  (O.KcJ  was  made. 
Little  change  was  seen  after  this,  or  after  the  second  or  third  applications 
(on  November  11,  1963,  and  November  14,  19631.  The  keloid  continued  to 
grow.  It  was  therefore  decided  to  use  the  drug  in  a  concentration  of  O.o''^. 
She  had,  in  all,  ten  applications  of  ThioTEPA  at  half-weekly  intervals,  tin 
first  three  being  0.1%  and  from  November  18,  1963.  onwards  0.5%.  There  wa> 
no  increase  in  the  size  of  the  keloid  after  November  18.  1963. 

Two  months  later  it  was  still  static,  and  three  months  later  the  lesion  was 
becoming  softer  and  flatter.  When  last  seen  it  was  still  static,  six  months 
following  exci.sion. 

c.\sE  .xo.  2 

M.M.  is  a  17  year  old  girl  who  developed  a  keloid  on  the  point  of  the  left 
shoulder  four  years  before  admission.  It  followed  a  B.C.G.  vaccination.  The 
keloid  measured  1.5  cm  in  diameter  and  was  circular.  It  was  raised  by  about 
5  mm  from  the  surrounding  skin  (Fig.  1 1 . 

On  November  1,  1963,  the  keloid  was  excised  in  a  horizontally  placed 
ellip.se  and  the  skin  closed  by  a  continuous  subcuticular  nylon  .suture.  The 
wound  healed  without  incident  and  .seventeen  days  after  excision,  i.e.,  on 
November  18,  1963,  the  first  application  of  0.5%  ThioTE^PA  ointment  was 
begun.  She  had,  in  all,  ten  applications  of  0.5%  ThioTEPA  ointment  at  half- 
weekly  intervals.  The  scar  was  seen  to  spread  during  the  first  two  weeks  of 
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the  trratnu'iit.  During  tlie  last  week  of  the  treatment,  some  piifinentation 
was  noted  in  the  area  being  treated.  Alter  completion  of  the  treatment  tlie 
area  around  the  scar  was  reddish  and  crusted.  There  was  no  sign  of  recurrence 
of  the  keloid.  The  crusting  disappeared  by  January  14,  1964,  i.e..  four  weeks 
after  the  last  api)lication.  Photograi)hs  taken  on  January  14,  1964,  show  a 
flat,  healed,  spread  scar.  (Fig.  2).  There  has  been  no  sign  of  recuri'encc  of  tiie 
keloid  when  last  seen  (February  18,  1964 1. 

CASE  NO.  3 

M.D.,  a  22  year  old  married  white  woman,  was  involved  in  a  car  accident 
three  years  ago.  She  was  in  the  left  front  passenger  seat  and  sustained  a 


1  2 

Fir..  1.  Case  2.  Keloid  on  shoulder  hcfore  excision. 
Fig.  2.  Case  2.  Two  months  after  excision,  followed  by  to])ical  chemothcrap.v. 

liactured  right  femur  and  cuts  on  the  left  upper  arm.  These  wei'e  sutured  at 
:iiuithci'  lio-pital. 

She  was  first  seen  complaining  of  hirge  keloidal  scars  of  the  left  upper  arm 
111  .lanuary  1962.  They  were  still  developing  and  it  was  decided  to  leave  them 
U)  mature.  They  were  seen  at  six  monthly  intei\als  and  continued  to  grow 
and  mature  I  Fig.  3) . 

On  Xovemtjer  15,  1963,  under  general  anesthesia,  the  two  keloids  on  the 
l)ack  of  the  arm  were  excised.  The  skin  was  undermined  and  closed  primarily 
u>ing  continuous  intradermal  sutures. 

On  November  28,  1963,  i.e..  tlurteen  days  after  the  ojieration,  she  was  treated 
liy  the  first  application  of  ThioTEPA  ointment  (0.5^;  ),  before  the  scars  had 
completely  healed.  Two  further  a])i)lications  were  given,  on  December  2,  1963, 
and  December  5,  1963.  In  all,  she  received  three  ai)plications  of  0.5%  Thio- 
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TEPA  ointment  at  half-weekly  intervals  within  eight  days.  By  the  time  of  the 
last  application  all  the  wounds  had  healed  and  there  was  no  sign  of  recurrence. 
She  did  not  attend  for  further  treatment,  owing  to  an  intercurrent  ui)per 
respiratory  infection,  which  confined  her  to  bed. 

She  was  seen  again  on  February  18.  1964.  i.e..  three  months  after  excision 
of  the  lesion.  The  scars  were  somewhat  tender  but  there  was  only  minimal 
thickening  in  the  upper  scar  (Fig.  4).  The  scars  measured  3  mm  in  width 
at  the  widest  point.  There  has  been  no  recurrence  in  the  scars  up  to  the 
present  time,  five  months  following  excision. 

Three  cases  have  l)een  treated  so  far.  and  in  these  three  there  have  been  no 


3  4 

Fio.  3.  Ca.«p  3.  Keloid.*  on  upper  arm  before  excision. 
Fig.  4.  The  .same  patient  (Case  3)  .some  five  and  a  lialf  months  following  excision  and 
topical  chemotherapy. 

recurrences  of  the  keloid  to  date,  some  seven  months  after  the  excision.  It  is 
realized  that  this  number  is  not  conclusive  proof  of  the  efficacy  of  the  treat- 
ment, but  the  success  in  the  patients  treated  (none  of  the  keloids  have  rc- 
ctirred  or  increased  in  size  after  the  application  of  0.5%  ointment)  without 
any  side  effects  has  encouraged  us  to  continue  the  investigation  with  a  lar^"  ' 
series  of  patients.  The  best  drug  and  the  best  dosage  schedule  yet  remain  m 
be  worked  out.  This  will  be  done  in  the  larger  series. 

SL".MM.\RY 

The  etiology  of  keloid  scars  is  briefly  discussed  and  the  variety  of  treat- 
ments for  this  condition  is  outlined.  A  new  method  of  treatment  is  descrilx  d 
and  three  cases  are  presented.  These  cases  were  treated  by  excision  of  tin 
keloid,  followed  by  topical  application  of  ThioTEPA  to  the  resulting  scai- 
In  none  of  the  tiiree  cases  has  the  keloid  recurred  after  the  use  of  the  ointment 
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in  II  O.o^'c  concentration.  One  would  normally  hesitate  to  i)resent  yet  another 
treatment  for  this  common  condition,  hut  the  success  obtained  in  this  jjrelim- 
inary  series  is  encouraging. 
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BERNARD  B.  WETCHLER.  M.D. 
Xi  w  York,  X.  Y. 
IXTRODUCTIOX 

Curling's  ulcer  is  the  common  term  applied  to  a  gastrointestinal  ulcer  which 
manifests  itself  in  a  severely  burned  patient. 

Historically.  Curling  was  not  the  first  author  to  describe  this  condition. 
He  was  preceded  by  Swan  (1)  and  Long  (2).  Curling's  report  ajipeared  in 
1842  and  can  be  read  in  the  original  form  in  the  New  York  Academy  of  Medi- 
cine Library.  His  article  (3)  described  a  bleeding  duodenal  ulcer  which  ap- 
peared in  a  severely  burned  patient.  Several  years  later,  he  described  the 
perforation  of  a  duodenal  ulcer  in  another  severely  burned  individual  (4). 
Today  the  term  Curling's  ulcer  is  not  limited  to  the  duodenum  but  refers  to 
any  ulceration  which  occurs  in  the  gastrointestinal  tract  of  a  burned  patient. 

DI.<CU.SSIOX 

Approximately  one  hundred  and  twenty-seven  cases  of  Curling's  ulcer  have 
been  reported  to  date.  This  pathologic  entity  almost  certainly  occurs  more 
frequently  than  these  figures  indicate.  The  relative  paucity  of  reports  probably 
derives  from:  1)  the  lack  of  routine  thorough  post  mortem  examinations  in 
all  burned  victims,  and  2)  the  failure  to  recognize  the  condition  in  those  who 
survive  their  burns  without  complications  or  sj-mptoms  of  ulcer. 

In  600  burned  patients  studied  at  the  Brooke  Army  Medical  Burn  Center 
(5)  in  San  Antonio.  Texas,  5  patients  of  20  who  died  had  proven  ulcers.  One 
l)atient  had  massive  bleeding  commencing  on  the  tenth  post-burn  day.  At 
post  mortem  examination,  the  jjatient  had  three  acute  duodenal  ulcers  and 
one  superficial  gastric  ulcer.  A  second  patient  started  bleeding  after  forty- 
eight  hours  and  then  perforated  a  gastric  ulcer  prior  to  death.  The  third 
patient  at  no  time  showed  clinical  evidence  of  bleeding.  He  died  on  the 
thirteenth  day,  exhibiting  a  large  duodenal  ulcer  at  post  mortem  examination. 
The  fourth  patient  died  on  the  sixth  i)ost-burn  day  from  acute  ulcers  of  the 
stomach  and  the  duodenum.  The  fifth  patient  sustained  85%  body  burn, 
died  within  24  hours  and  demonstrated  superficial  ulcers  of  the  duodcmmi  and 
the  ileum.  Silent  ulcers  therefore  do  occur  in  this  condition. 

This  same  group  later  reported  24  gastrointestinal  bleeders  in  l)urned 
patients,  of  their  own  and  17  authenticated  cases  in  the  literature.  They 
found  a  total  of  20  proven  ulcers  in  the  duodenum,  9  in  the  stomach,  5  in  the 
esophagus,  and  one  in  the  terminal  ileum. 

According  to  Sevitt  (6),  when  the  bleeding  occurs  early  after  the  burn,  it 
is  probably  due  to  ga.stric  erosion.  When  it  occurs  after  several  days,  it  is 
probably  duodenal  in  origin.  Sevitt  states  that  perforation  does  not  occur 
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for  at  least  several  weeks  alter  the  burn,  usually  oceurrin<>;  apijroxiinately 
lour  weeks  later. 

Histologically,  the  uleeis  which  appear  in  the  stoinaeh  are  multiple  super- 
ficial erosions.  When  ulceration  occurs  in  the  duodenum,  the  ulcers  are  usually 
])resent  in  the  first  portion,  on  tlu'  posterior  wall,  and  arc  u-uall\  deep, 
jtenetrating  into  the  pancreas  and  into  the  adjacent  pancreaticoduodenal 
vasculature.  Curling's  ulcer  may  also  he  multiple  in  situation  as  well  as 
number.  In  the  remaining  bowel,  the  terminal  portion  of  the  ileum  is  usually 
more  involved  then  the  jejunum  and  usually  show>  e\  idcncc  of  hemorrhagic 
congestion.  Cecal  and  ascending  colonic  involvement  haw  also  been  icpoi'ted. 

There  appears  to  be  no  agreement  in  the  literature  as  to  the  i)atliogenesis 
of  this  entity,  ^'arious  mechanisms  postulate(l  include:  1)  the  effect  of 
toxins,  2)  increased  secretion  of  histamine,  3 1  increased  gastric  acid  secretin, 
4)  adrenal  failure,  5)  fat  embolization,  6 1  septic  embolization,  7)  infection, 
8)  thrombosis,  9)  capillary  stasis,  10 1  dehydration,  11)  liemoconcentration, 
12)  shock,  and  13)  neurogenic  reflexes.  A  complete  discussion  of  i)athogenesis 
is  beyond  the  sco|)e  of  this  repoi't. 

Friesen  (7)  slu)wed  first  that  stinudation  of  gastric  secretion  in  extensively 
l)urned  dogs  by  the  administration  of  histamine  in  beeswax  greatly  inci-eased 
the  frequency  of  ulcei'ation  and  secondly,  that  subtotal  gastrectomy  of  ani- 
mals later  subjecte(|  to  burning  jilus  histamine  adnunisti-ation  prevented  duo- 
denal ulceration,  lie  al,-o  establishe(l  that  po.-t-bui-n  liemoconcentration  in 
dogs  was  closely  associated  with  the  development  of  gastric  and  duodenal 
congestion,  as  well  as  erosions  and  pejjtic  ulceration  when  gastric  secretion 
was  stimulated  by  histamine.  He  noted  that  when  liemoconcentration  was 
prevented  by  transfusion  of  plasma,  gasti'oduotlenal  lesions  faile(l  to  appear. 
In  unburned  dogs,  hemoconcentrated  without  dehydration  or  oligemia  by 
electi()|ih()re.-i>  ( witlidi-awal  of  blood  followed  by  re-infusion  of  cells),  the 
admimstration  of  histamine  regularly  produced  mucosal  congestion  and 
ulceration.  When  liemoconcentration  was  not  produce*!  by  this  experimental 
method,  histamine  injection  failed  to  induce  peptic  ulcei'ation. 

Some  of  the  authors  l8l  of  recent  articles  state  that  Curling's  ulcers  are 
piol)ably  a  form  of  stress  ulcer  following  major  surgery  or  major  trauma  and 
tliat  ulceration  is  prol)ably  the  result  of  increased  adrc'uocortical  acti\  ity. 

At  The  Blount  Sinai  Hospital  during  the  ten-year  period   ]9r)2  to  and 

ii-luding  1961,  253  jiatients  were  admittecl  because  of  burns.  It  is  of  note 
it  none  of  these  patients  [iresented  evidence  of  any  gastrointestinal  bleeding. 
i'liv  present  rejiort  is  our  first  experience  with  a  i)r()\-en  Curling's  ulcer. 

C.VSE  REPORT 

Patient  M.Q.,  a  5  year  old  female,  was  admitted  for  the  first  time  to  The 
Mount  Sinai  Hospital  on  [March  13,  1963,  at  3  a.m.  She  was  brought  by 
the  police  after  being  involved  in  a  fire  in  her  home.  Her  mother  and  brother 
were  admitted  to  another  hospital.  By  the  "rule  of  9  of  Wallace."  it  was 
e-timated  on  admission  that  she  sustainefl  a  body  burn  of  at  least  50%  which 
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incliuled  first  and  second  degree  burns  of  her  right  and  left  legs,  her  right  hand, 
left  arm.  left  side  of  chest,  neck,  face  and  lower  anterior  abdominal  wall.  Her 
admission  weight  was  16  kilogram  and  her  admission  hematocrit  was  44 ^c. 

Initial  therapy  consisted  of  whole  blood,  plasma,  saline,  antibiotics  (4 
million  units  of  penicillin  and  one  gram  of  Chloromycetin  in  24  hours),  tetanus 
toxoid,  sedation,  cultures  of  throat  and  Imrned  area,  isolation  in  sterile  sur- 
roundings, a  cut  down  in  the  arm,  a  Foley  catheter  with  accurate  measurement 
of  urinary  output,  and  daily  evaluation  of  the  electrolytes,  blood  urea  nitrogen, 
hematocrit,  complete  blood  counts,  etc. 

After  nine  hours  of  observation,  it  was  apparent  that  the  burns  were  second 
and  third  degree  rather  than  first  and  second.  The  hematocrit  had  risen  to 
47'}^.  The  urinary  output  was  80  cc  per  hour. 

At  the  end  of  the  first  24  hour  period,  the  child  had  received  intravenously 
2900  cc  of  o^c  glucose  in  saline,  250  cc  of  plasma,  and  250  cc  of  whole  blood  for 
a  total  fluid  intake  of  3400  cc.  Her  blood  pressure  was  110  90  mm  Hg,  the 
pulse  rate  120  per  minute,  and  respirations  were  20  to  30  per  minute.  Her 
urinary  output  was  980  cc  in  24  hours  with  a  specific  gravity  of  1020.  The 
temperature  rose  to  104.4  degrees  F  and  the  hematocrit  to  569^.  The  blood 
urea  nitrogen  was  19  mg^,  sodium  144  mEq  L,  chloride  100  mEq/L,  and  po- 
tassium 4.4  mEq  L. 

It  was  deemed  impossible  to  apply  skin  grafts  to  this  patient's  burned  areas 
at  this  time.  The  child  progressively  improved  and  appeared  comfortable.  On 
the  fourth  post-burn  day.  the  temperature  was  102  degrees  F,  the  hematocrit 
was  38*^^^.  the  24  hour  urinary  output  was  900  cc  with  an  oral  intake  of  milk  of 
210  cc  and  a  total  24  hour  fluid  intake  of  1750  ml.  The  cultures  of  the  burn 
wounds  grew  E.  coh.  Staphylococcus  aureus  and  Enterococcus.  There  was  a 
trace  of  bile  in  the  urine,  urobilinogen  concentration  was  1:80.  The  hemo- 
globin was  13.6  grams  and  the  white  blood  cell  count  36.500  per  cu  mm.  The 
child  was  taken  out  of  oxygen,  jilaced  on  a  Stryker  frame,  and  started  on  a 
soft  diet. 

Approximately  114  hours  after  admission,  the  jiatient  vomited  blood  clots 
and  bloody  mucus  for  the  first  time.  However,  the  general  status  was  still 
satisfactory',  the  burns  were  drying,  and  the  patient  was  taking,  without  com- 
plaint, eggnogs,  milk,  malteds,  etc.,  by  mouth. 

Twenty-four  hours  later,  on  the  sixth  burn  day,  the  child  again  vomited 
bright  red  blood.  This  time,  she  appeared  to  be  in  shock  with  a  pulse  rate  of 
180  per  minute,  a  blood  pressure  of  110  mm  Hg,  and  a  hematocrit  of  11%.  A 
Levine  tube  inserted  into  the  stomach  revealed  bloody  fluid.  Gastrointestinal 
bleeding  continued  and  gradually  increased  in  spite  of  ice  water  lavages.  The 
child  remained  in  poor  condition  despite  frequent  blood  transfusions.  The 
abdomen  gradually  became  more  distended  and  abdominal  x-rays  revealed 
gastrointestinal  distention  but  no  definite  evidence  of  G.I.  perforation. 

On  the  eighth  post-burn  day,  the  child  became  comatose,  her  abdomen  was 
distended  and  there  were  signs  of  continuous  gastrointestinal  hemorrhage.  On 
the  tenth  post-burn  day  the  child  expired. 


Fig.  2.  Photograph  demonstrating  acute  ulceration  of  the  small  intestine. 
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Except  for  the  burneil  area;;,  tlio  significant  autopsy  findings  were  confined 
to  the  gastrointestinal  tract.  Examination  of  the  esophagus  revealed  a  few 
erosions  of  the  mucosa  but  no  olivious  bleeding  points.  Just  below  the  esopha- 
gogastric junction,  there  was  a  large  acute  ulcer  extending  one-fourth  of  the 
way  to  the  pylorus  (Fig.  1).  In  the  gastric  mucosa  there  were  at  least  twelve 
small  acute  ulcers,  some  of  which  contained  fresh  blood  clots.  There  were  also 
about  two  dozen  small  pinpoint  acute  ulcers  which  did  not  contain  blood  clots. 
In  the  first  portion  of  the  duodenum  adjacent  to  the  head  of  the  pancreas, 
there  was  a  large  acute  ulcer.  This  ulcer  was  ajijiroximately  3  cm  in  length  and 
VA  cm  in  width.  Its  base  was  the  head  of  the  pancreas.  In  the  upper  part  of 
the  small  intestine  over  a  distance  of  approximately  one  meter  were  areas  of 
acute  ulceration  covered  by  fibrinous  hemorrhagic  membranes  (Fig.  2).  The 
small  and  large  bowel  were  filled  with  blood.  No  mucosal  ulcerations  were  seen 
in  the  colon. 

In  summary,  the  patient  was  a  severelj'  burned  child,  age  five,  with  ap- 
proximately 50%  of  her  body  surface  sustaining  second  and  third  degree 
burns.  She  seemed  to  respond  to  persistent  intensive  therapy  for  the  first  five 
days.  It  was  at  this  time,  that  signs  of  gastrointestinal  bleeding  became  evi- 
dent, gradually  increasing  in  severity  and  culminating  despite  all  therapy  in 
death  on  the  tenth  post-burn  day. 
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The  Clinical  Use  of  Intratheeal  Metliylpre<inisolone 
Aeetate*  Following  Lumbar  Punetiiret 

STEPHEN  A.  KULICK,  AI  D. 
New  York,  X.  V. 

The  postlunibar  puncture  ^yndronu'  has  lon<i  hvvn  an  unavoidable  iatro<;cnic 
concomitant  of  diagnostic  neurological  investigation.  Many  studies  have  been 
carried  out  in  an  attempt  to  define  the  parameters  affecting  the  postluiubar  punc- 
ture syndrome  and  to  find  an  effective  method  of  its  jjicveiition  and  treatment 
(1 1.  This  study  was  prompted  by  the  failure  of  the  literature  to  provide  a  solu- 
tion to  this  problem  and  by  an  ol)servation  that  patients  with  demyelinating 
disease  undergoing  multiple  lumbar  punctures  with  intrathecal  instillations  of 
methyliMi'dnisolone  acetate  rarely  complained  of  postlumbar  [luncture  symp- 
toms (2). 

METHODS  AXD  PROCEDIRE 

Two  hundred  jiatients  receiving  luml)ar  punctures  admitted  to  the  acute 
neurology  ser^•i(•e  of  1'lie  Mount  Sinai  Hospital  were  selected  for  this  study. 
Patients  whose  le\rl  df  conx'iousness  was  severely  impaire(l,  those  with  sub- 
ai'achnoid  hemorrhagt'.  and  patients  with  meningitis  were  not  included.  The  only 
re(iuii'ement  foi'  i)articipation  in  this  investigation  was  the  ability  of  the  patient 
to  report  reliably  on  i)ostlumbar  punctm'e  symptoms.  I)ei)ending  ui)on  the  order 
iif  admission,  subjects  wei  e  ])laced  in  rotation  in  one  of  the  four  following  groups: 

Grouii  I.  Routine  lumbar  i)unctui-e  followed  l)y  intrathecal  instillation  of  10 
cc  0.9';  saline — 50  patients. 

Grou])  II.  Routine  lumbar  pimcture  followed  by  intrathecal  instillation  of  40 
ing  methylprednisolone  acetate  with  i)olyglycol  vehicle  in  10  cc  saline — 

•")0  patients. 

(lioup  III.  Routine  lumi)ar  i)uncture  followed  by  intrathecal  instillation  of 
1  cc.  polyglycol  vehicle  in  10  cc  0.9'  ',  saline]: — 50  patients, 
(iroup  IV.  Routine  lumbar  puncture — 50  patients. 

All  lumbar  jumctures  wei'c  jjt'ifoi'med  by  one  investigator  in  the  following 
manner:  All  patients  were  sitting  up  at  the  time  of  lumbal-  puncture.  The  skin 
was  cleansed  with  antise])tic  solution,  2  cc  of  or  2'  ',  procaine  hydrochloride 
was  instilled  intradermally  and  subcutaneously.  and  a  numbei'  18  gauge  needle 
was  inserted  bevel  up  into  the  subarachnoid  space  in  the  lumbar  cistern.  The  pa- 
tient was  then  placed  in  the  lateral  decubitus  position  and  manometries  w^ere 
performed  if  indicated.  Samples  of  6-10  cc  of  cerebrospinal  fluid  were  then  ob- 
tained, the  needle  removed,  and  the  i)atient  allowt'd  out  of  bed  ml  libitum.  All 
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patients  were  examined  by  the  same  investigator  eight  to  twenty-four  hours 
following  hunbar  punctiu-e  and  daily  thereafter.  The  i)aticnts  were  assured  that 
they  would  have  no  symptoms  following  lumbar  puncture,  and  no  patients  were 
aware  that  they  were  receiving  any  injection  beyond  the  routine  lumbar  i)unc- 
ture.  No  restriction  of  activity  was  i-ecdiuineiuled  and  patients  wei'e  encouraged 
to  be  out  of  bi'd.  The  criteria  used  to  deteiinine  the  i)resence  of  the  ])ostlum))ar 
puncture  syndromi'  were: 

1)  Headache  intensified  in  the  erect  position,  with  or  without  accompanying 
stiff  neck,  nausea,  vomiting,  or  lightheadedness. 

2)  Back  pain. 

3)  Pain  on  neck  flexion  oi'  straight  leg  raising. 

Each  patient  was  specifically  (luestioned  about  all  of  the  j)oints  enumerated 
above  whether  or  not  they  volunteered  symptoms. 

RE.^ILTS 

Per  cent  incidence  of  headache  was  used  as  the  most  reliable  criterion  of  the 
posthunbar  jiuncture  syndrome  since  it  was  in\'arial)ly  present  either  alone  or  in 
combination  with  other  symptoms  such  as  stiff  neck,  nausea,  and  lightheaded- 
ness. None  of  the  ])atients  had  significant  pain  on  straight  leg  I'aising  following 
lumbar  inmcture  in  the  absence  of  headache.  .Vlmost  all  of  the  jiatients  when 
closely  questioned  admitted  to  some  discomfoi  t  in  the  lumbar  region  in  the  area 
of  the  needle  inmcture.  However  in  none  of  the  patients  was  it  disabling  or  did 
it  require  medication. 

As  can  be  seen  in  Tal)le  I  the  ])atients  in  each  of  the  four  groui)s  are  similar 
in  sex  and  age  distribution.  The  neui'ological  diagnoses  wei'c  ^■aried  but  in  no  one 
group  was  there  any  evident  pi'epondei'ance  of  a  single  (Hagiiostic  categoiy  as 
compared  to  the  other  gioups. 

As  shown  in  Table  I  the  gioup  of  |)atients  i'ecei\'ing  met h>iprednisolone  ace- 
tate had  a  statistically  significantly  lowei'  ])er  cent  incidence  of  headaches  fol- 
lowing lumbar  puncture  (dioup  II  i  4',  ,  as  compaicd  to  each  of  the  other  three 
groups.  Patients  receiving  salini'  alone  (diouj)  1)  had  a         incidence  of  head- 

TABLE  I 

Sex  Per  cent 

Group    Average  Age  Incidence 

Male  Female  Headache 

I 

(S.'ihne)  25  25  52  45 

II 

(Steroid  Polyglycol  Saline)  24  26  47  4 

III 

(I'olyglycol  Saline)  24  26  50  42 

IV 

(No  Injection)  26  24  47  38 
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ache,  those  receiving  i)olyglyool  vehicle  in  saline  ((Iroup  llli  had  a  42'',  inci- 
dence of  headache,  and  i)atients  receiving  only  tiie  lumbar  i)uncture  without  in- 
stillation of  any  substances  (Group  IV)  had  a  38%  incidence  of  headaclic.  There 
was  no  significant  difference  between  these  latter  three  groups.  The  chi  sejuare 
test  was  used  and  the  level  of  significance  accejited  was  p  <  .05.  The  per  cent 
incidence  of  postUunbar  puncture  headache  for  Group  IV  is  comiiarable  to  the 
figiu-e  for  average  per  cent  incidence  of  headache  found  in  the  literatui'c  (ll, 
while  that  for  Groups  I  and  III  is  slightly  higher. 

Discrssiox 

Numerous  studies  have  shown  a  diminished  incidcnct'  of  post  lumbar  jiuncture 
symptoms  in  patients  receiving  hydration,  bed  icst  following  lumbar  puncture, 
epidural  injections,  and  use  of  a  small  gauge  needle  among  othei'  iccouiinenda- 
tions  (1).  ^lany  of  these  suggestions  are  not  practical  for  diagnostic  neurological 
purposes  since  manometries  ca.nnot  be  perfoi'nuMl  adeciuately  with  small  gauge 
needles,  subsequent  neuroi-adiological  proceilui-es  remler  ei)i(lural  injections  un- 
desirable, and  prolonged  bed  re>t  is  impi'actieal  in  jiatients  undergoing  multiple 
diagnostic  tests  on  a  l)usy  neinohigieal  ser\-iee.  Many  authors  Imw  adx'oeated  a 
variety  of  drugs  to  treat  postlumbai'  puncture  headaches  (1  ),  but  none  of  these 
have  been  found  to  be  univer.-ally  ,-uccessfid.  ()nly  three  studies  could  l)e  found 
which  investigated  the  use  of  >tei()!(ls  in  the  tri'atment  of  ])ostluml)ar  puncture 
symptoms.  Pfeffer  (3 1  found  prompt  remission  of  postlumbar  puncture  symptoms 
in  obstetrical  patients  following  oral  administration  of  desoxycorticosterone  ace- 
tate. Asbell  (4)  had  similar  I'csults  following  inti-arnuscular  injection  of  desoxy- 
corticosterone acetate.  Tourtellotte  et  al.  1 1  I  failed  to  show  any  diminished  inci- 
dence of  postlumbar  j^uncture  headache  in  ]iatients  with  multiple  sclerosis  re- 
ceiving ACTH  gel  intramuscularly. 

As  recently  as  this  year  a  monogi'ai)li  was  puijlished  |]  i  citing  the  available 
evidence  on  the  treatment  of  ])ostlunib:ii'  puncture  headaches  and  contduding 
that  a  cure  for  this  condition  had  not  yet  been  found.  The  striking  results  fovmd 
with  intrathecal  methylprednisolont'  acetate  in  this  study  would  seem  to  recom- 
mend it  as  a  prophylactic  agent  in  the  i)ostlumbai'  i)uncture  syndrome.  The  few 
cases  in  which  we  have  attempted  to  treat  an  inductMl  postlumbar  puncture  head- 
ache with  methylprednisolone  acetate  havi'  been  totally  without  success.  The 
advantages  of  subarachnoid  injection  of  methylpi'ednisolone  acetate  immediately 
after  lumbar  puncture  over  any  otliei-  therai)eutic  program  are: 

1)  It  prevents  the  apjx'arance  of  i)ostluinbar  puncture  symptoms.  In  this  way 
the  patient  is  not  restricted  to  bed,  other  diagnostic  tests  can  be  performed  with- 
out inconvenience  to  the  initient,  and  the  hospital  stay  is  not  ])rolonged  by  dis- 
tressing symptoms. 

2)  The  systemic  effect  of  tlie  steroid  is  minimal  compared  to  other  modes  of 
administration.  This  is  desirable  in  diabetic  patients  and  those  with  ulcers  of  the 
gastrointestinal  tract,  pulmonary  or  heart  disease  in  whom  steroid  therapy  is 
potentially  hazardous. 

3)  Xo  complications  of  any  kind  have  been  encountered  either  during  hos- 
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pitalization  or  subsequently  despite  a  few  traumatic  luml^ar  punctures  and  some 
multiple  punctures.  A  few  patients  with  demyelinating  disease  receiving  multi- 
ple injections  of  methylprednisolone  acetate  have  had  pleocytosis  in  subsequent 
cerebrospinal  fluid  examinations  without  clinical  symptoms. 

The  mechanism  by  which  subarachnoid  injection  of  steroids  prevents  post- 
lumbar  puncture  symptoms  is  unknown.  Whether  it  is  related  to  their  anti-in- 
flammatory projierties  is  speculative,  and  the  role  steroids  might  play  in  the 
leakage  of  cerebrospinal  fluid  into  the  epidural  space  (the  most  popular  theory 
explaining  postlumbar  puncture  symptoms  i  ( 5 1  is  not  clear. 

Sl-MM.\RV 

Two  hundred  patients  receiving  lumbar  i)unctures  admitted  to  an  acute  neu- 
rology service  were  evenly  divided  into  four  groups.  In  the  first  group,  the  pa- 
tients received  equal  volume  intrathecal  in.stillations  of  saline,  in  the  second 
group  methylprednisolone  acetate  and  polyglycol  vehicle  in  saline,  in  the  third 
group  polyglycol  vehicle  in  saline  only,  while  the  fourth  group  had  nothing  in- 
jected following  lumbar  puncture.  Examination  eight  to  twenty-four  hours  and 
even  longer  jieriods  after  lumbar  puncture  revealed  a  statistically  significantly 
diminished  incidence  of  postlumbar  puncture  symptoms  in  the  group  receiving 
methylprednisolone  acetate  as  compared  to  the  other  groups.  It  is  concluded  that 
the  intrathecal  instillation  of  methylprednisolone  acetate  is  of  substantial  clini- 
cal value  in  prevention  of  symjitoms  following  lumbar  punctures. 
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CASE  NO.  246 

A  58  year  old  niak"  was  admitted  to  the  liospital  with  a  five-year  history  of 
rectal  bleeding.  This  had  been  ticatcd  intermittently  by  local  injections  for 
"hemorrhoids"  with  relief  of  symptoms.  The  patient  was  well  until  two  weeks 
before  admiss^ion  when  there  was  recurrence  of  rectal  hleedinii.  ( leneral  physi- 
cal examination  was  normal.  ])i<i;ital  examination  revt'aled  a  firm  mass  filling 
the  rectal  ampulla.  Sigmoidoscopy  re^■eale(l  a  lai'ge  smooth  mass  located  on  the 
posterior  and  left  lateral  walls  of  the  ri'ctum,  conmiencing  at  the  sphincter 
and  extending  proximally  for  threi'  inclies.  The  mucosa  was  stretched  over  the 
mass  and  in  the  center  there  was  a  large  area  of  shallow  ulceration.  Biopsy 
was  made  which  revealed  fragments  of  l(>iomyoma.  Lahoiatory  exannnation 
revealetl  a  normal  hemogi'am.  A  barium  enema  was  performed  which  showed  a 
large  smoothly  marginated  mass  originating  from  the  posterior  wall  of  the 
lowermost  part  of  the  rectum  (Fig.  1).  A  large  shallow  ulceration  could  be 
noted  on  the  anterior  surface  of  the  mass.  There  was  no  e\-idence  of  proximal 
colonic  dilatation.  The  iiatient  underwent  a  laparotomy  for  the  removal  of  the 
rumor,  together  with  a  temporary  diverting  sigmoid  colostomy.  At  ojieration, 
a  7  X  6  X  4  cm  rubbery  mas,-  was  found  occujjying  the  i:)osterior  wall  of  the 
rectum.  It  was  well  encajisulattvl  and  a  shallow  lUceration  was  noted  at  the 
apex  of  the  tmnor.  It  weighed  180  grams.  Histological  examination  of  the 
>pecimen  revealed  a  leiomyoma.  The  siguioid  colostomy  was  closed  6  months 
after  the  initial  operation  and  the  patient  liad  an  uneventful  I'ecovcry. 

Case  Report:  Leiumyum.v  uf  the  rixtum. 

DISCUSSION 

See  discussion  following  Case  Xo.  247. 

CASE  XO.  247 

This  63  year  old  male  was  admitted  to  the  hospital  because  of  increasing 
constipation,  tenesmus,  loss  of  weight  and  easy  fatigability.  Thei'e  had  been 
no  evidence  of  rectal  bleeding  or  melena.  The  patient  had  noted  crampy  lower 
abdominal  pains  without  vomiting,  relieved  by  enemas.  Physical  examination 
revealed  a  chronically  ill  man  in  no  acute  distress.  The  abdomen  was  distended 
and  a  slightly  tender  fullness  was  noted  in  the  left  lower  (luadrant.  An  actual 
mass  could  not  be  delineated  even  by  bimanual  palpation.  Bowel  sounds  were 
active.  Laboratory  examination  re\  (  al(Ml  a  hemoglobin  of  9.6  Chu'^r.  Sedimenta- 
tion rate  was  67  mni/hr.  A  bai'ium  enema  examination  was  ])erfoi'med  which 
revealed  a  smoothly  defined,  lobulated  polyi)oid  mass  occupying  the  rectum 
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Case  246,  Fig.  lA.  Lateral  view  of  the  rectum  and  sigmoid  during  the  course  of  the 
barium  enema  reveals  a  large  smooth  mass  originating  from  the  posterior  wall  of  the 
lowermost  part  of  the  rectum  and  filling  most  of  the  rectal  ampulla.  The  contours  are 
smooth.  In  the  anteriormost  postion  of  the  mass  the  barium  collects  in  an  amorphous 
fashion,  suggesting  the  presence  of  a  shallow  ulceration  (arrow  A).  There  is  no  proximal 
dilatation  within  the  sigmoid  or  remainder  of  the  colon. 

Cose  246,  Fig.  IB.  Spot  film  of  the  rectum  and  sigmoid  in  the  frontal  projection  dur- 
ing the  course  of  filling  again  reveals  the  smoothly  demarcated  mass  occupying  the 
rectum.  It  is  seen  to  originate  from  the  left  side  of  the  rectal  wall.  The  superior  contour 
is  noted  to  be  smooth  (arrows),  and  there  is  no  evidence  of  proximal  dilatation. 
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Case  246,  Fig.  1  C.  After  incomplete  evacuation  of  barium  from  the  lowermost  por- 
tion of  the  colon,  the  tumor  edge  is  again  noted  (along  arrows),  and  a  large  ulceration 
(arrow  A)  is  now  well  seen. 


and  causing  partial  retrograde  oljstniction  to  the  flow  of  barium  (Fig.  1).  The 
mass  was  noted  to  measure  6x8  cm  in  diameter  and  was  seen  to  pi'olapse 
I onsiderably  into  the  rectal  ampulla  during  the  !)ioeess  of  e^•a(•uation.  Lapa- 
lotomy  was  performed,  and  a  gra])efruit-sized  firm  mass  occupying  the  rectum 
was  noted  which  extended  both  intraluminally  and  extiacolonically.  Resection 
was  deemed  impossible  because  of  infiltration  into  the  left  i)elvic  wall.  A  di- 
\(  iting  colostomy  was  perfoimed.  Biopsy  of  the  tumor  mass  revealed  infil- 
trating leiomyosarcoma. 
Case  Report:  Leiomvos.\rcoma  of  the  rectum. 

DISCrssiO.V  OF  CASES  NOS.  246  AND  247 

In  a  review  of  2525  cases  of  smooth  muscle  tumors  of  the  alimentary  tract, 
Skandalakis  et  al.  Il  )  found  the  incidence  of  myomatous  tumors  to  be  most 
frequent  in  the  .stomach,  then  in  the  small  bowel,  thirdly  in  the  esophagus  and 
lastly  in  the  colon.  In  all  the  cases  reported  in  the  world  liteiature  until  1962, 
only  144  cases  of  smooth  muscle  tumors  of  the  lai  tic  intestine  wei'e  fotmd.  By 
far  the  most  common  site  within  the  colon  is  tlie  lectum.  It  is  now  thought  by 
some  that  a  number  of  the  myomatous  tumors  in  the  rectum  repix'sent 
rhabdomyomas  originating  in  the  pararectal  tissues  rather  than  from  smooth 
muscle  origin  1 2). 


Case  247,  Fig.  lA.  There  is  a  large  lobulated  filling  defect  occupying  the  rectosig- 
moid. The  lower  edge  is  poorly  made  out,  but  the  lateral  and  upper  contours  aie  well 
seen  (along  arrows).  Very  little  barium  was  able  to  pass  proximally  to  the  lesion. 

Case  247,  Fig.  1  B.  Air  contrast  studies  again  reveal  the  lobulated  mass  in  the  rectosig- 
moid. The  lower  contour  is  seen  to  better  advantage  as  the  tumor  has  prolapsed  into 
the  rectal  ampulla  and  it  is  thus  outlined  by  air  (along  arrows).  A  considerable  amount 
of  feces  is  noted  proximal  to  the  lesion. 
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jVIyomas  of  the  rcctuni  prcsi-iit  rocntgc'iiologically  as  smoothly  (Icinarcatod 
intrahiniiiial  masses  with  a  broad  base.  The  mucosa  is  stretched  over  tli(>  lesion 
and  often  a  central  shallow  ulceration  can  be  outlined  (3l.  As  with  othei-  sub- 
nuicosal  tumors  such  us  lipomas,  these  lesions  may  cause  intussuception  when 
they  are  located  in  the  ])roximal  portions  of  the  vnlow.  Pxcaux'  of  the  fixed 
!)osition  of  the  rectum  and  the  lack  of  a  mesentery,  only  sli>^ht  tumor  prolapse 
occurs  within  the  rectal  region  (4  ). 

Most  of  the  patients  enter  with  symptoms  of  intermittent  constipation  and 
diarrhea,  mucous  and  weight  loss.  Rectal  bleedin-i;  is  present  in  lialf  the  cases. 
A  palpable  rectal  mass  is  the  rule,  being  present  in  of  leiomyomas  and 

90<'f  of  sarcomas  (5). 

Leiomyosarcomas  are  usually  bigger  than  the  myomas  and  often  extend 
beyond  the  confines  of  the  rectal  wall.  They  may  attain  enormous  size.  l{arely 
do  they  metastasize  to  notles,  their  mode  of  spread  licing  by  direct  invasion 
and  infiltration  (6).  Roentgenologically,  tluy  are  usually  lobulated  and  ulcera- 
tions are  more  prominent  and  deejier  than  in  leiomyomas. 
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CASE  NO.  248 

This  5  year  old  girl  was  admitted  to  the  hospital  with  a  24  hour  history  of 
severe  left  lower  ruiadrant  abdominal  pain.  Similar,  but  less  intense  episodes 
of  pain  had  occured  intermittently  for  the  past  two  years,  but  each  had  sul)- 
sided  Cjuickly  and  spontaneously.  The  present  attack  was  associated  with  mild 
diarrhea,  but  no  fever,  nausea  or  vomiting.  The  patient  had  undeigone  an 
appendectomy  two  years  before  the  present  admission  for  acute  appendicitis. 
Physical  examination  I'evealed  an  acutely  ill  child  who  was  guarding  her  ab- 
domen with  flexion  of  the  hips.  There  was  slight  dehydration,  t  lenei'alized 
voluntary  and  involuntary  muscle  spa.sm  was  notecl  on  abdominal  palpation. 
There  was  direct  and  rebound  tenderness  in  the  left  lower  quadrant.  No  masses 
could  be  palpated.  Laboratory  examination  revealed  a  normal  hemogloljin  and 
a  white  blood  count  of  10,500,  with  a  slight  shift  to  the  left.  Radiographic 
examination  of  the  abdomen  in  the  prone  jiosition  revealed  absence  of  gas- 
filled  bowel  loops  in  the  left  side  of  the  abdomen  I  Fig,  1),  No  discrete  soft 
tissue  masses  could  be  outlined,  and  there  were  no  abnormal  calcifications. 
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Bc'caUf^o  of  i)er.sif:trn('C'  of  signs  and  syniptonis.  laparotomy  was  pcrforiucd  ten 
hours  after  admission.  At  operation,  as  the  i)eritont>al  cavity  was  entered,  a 
huge  nuilti-locuhitod  cyst  was  noted  conijjletely  filling  the  left  side  of  the 
abdomen,  extending  from  the  left  upper  quadrant  down  towar(l>  the  midline 
in  the  suprapubic  region.  It  was  a  thin-walled  cyst  which  coiitaiiird  cc  of 
clear  colorless  fluid.  The  cyst  wall  was  firmly  attaclied  to  the  leaves  of  the 
mesentery  in  the  left  upper  and  lower  quadrant  and  thick  adhesions  to  the 
transverse  colon  were  lysed.  The  jjatient  made  an  uneventful  recovi'ry. 
Ta.sr  Report:  Mesenteric  cyst. 

DISCUSSION 

Mesenteric  cysts  are  rare  and  may  occur  at  any  age,  twice  as  frequently  in 
females  as  in  males  111.  They  are  usually  thought  to  lie  developmental  in 
origin,  l)Ut  their  exact  pathogenesis  is  unctTtain  and  may  be  related  to  a  low- 
grade  inflammation  of  the  mesentery  or  to  pi'e\-iou>  >urgery  (2).  They  contain 
clear  fluid  and  are  usually  thin-walled  and  multi-loculate(l.  On  occasion,  they 
contain  calcium  within  their  walls,  but  this  is  usually  i-elated  to  jji'i'vious 
bleeding  in  the  wall  of  the  cyst  or  infection  (3).  So-called  "omental  cysts"  or 
'iymphatic  cysts"  are  probably  very  similar  in  patliogenesis  and  in  content. 
"Peritoneal  cysts"  or  "localized  ascites"  usually'  follow  gynecological  opera- 
tions and  their  pathogenesis  is  thought  to  be  related  to  the  formation  of  a 
loculation  when  two  peritoneal  layers  are  on  erlappiMl  within  the  pelvic  floor. 
Roentgenologically,  the  findings  may  either  be  of  a  shariily  delineated  soft 
tissue  mass  or  simply,  as  in  the  present  case,  a  generalized  displacement  of 
bowel  loops  without  identification  of  the  border  of  the  mass.  Calcium  may  be 
seen  on  occasion  within  the  cyst  wall.  It  is  important  to  rule  out  in  the  dif- 
ferential diagnosis  renal  cysts,  splenic  cysts,  jiancreatic  and  duplication  cysts. 
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CASE  NO.  249 

A  36  year  old  female  sought  medical  advice  Ijecau.se  of  irregular  vaginal 
bleeding  of  three  weeks'  duration.  She  stated  that  her  menstrual  periods  were 
normal  until  three  weeks  prior  at  which  time  an  expected  period  began.  Bleed- 
ing continued  interuntti'Utly  and  became  jjrofuse  during  the  previous  twenty- 
four  hours. 

General  physical  examination  was  normal.  Pelvic  examination  revealed  a 
large  exophytic  neoplasm  which  measured  ai)proximately  10  cm  in  diameter 
and  occupied  the  entire  cervix.  The  lesion  obliterated  the  fornices  by  extension 
and  involved  the  upper  one-third  of  the  vagina.  The  medial  half  of  the  right 
parametrium  was  also  infiltrated.  The  clinical  impression  w-as  carcinoma  of 
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Case  249,  Fig  1.  Lateral  view  of  the  rectum  during  the  barium  enema  examination 
includes  the  rectum  up  to  the  rectosigmoid.  The  rectum  is  limited  in  distensibility  but  the 
margins  are  smooth.  There  is  a  mass  around  the  rectum  with  the  bowel  separated  from 
the  sacral  hollow  by  a  distance  of  3.5  cm.  Distensibility  of  the  bowel  seems  normal  at 
the  rectosigmoid. 


the  cervix,  Stage  II.  The  patient  was  admitted  to  the  hospital.  A  biopsy  of  the 
lesion  was  reported  as  infiltrating  s(iuainous  carcinoma.  The  patient  was  re- 
ferred for  radiotherapy. 

Treatment  consisted  of  250  Kv  external  beam  therajiy  to  six  ]X'lvic  portals 
along  with  9.100  mg-hrs  of  radium  theraiiy  utilizing  vaginal  col])Ostat  and 
intrauterine  tandem.  The  course  of  radiation  represented  the  standanl  treat- 
ment employed  at  this  institution;  it  lasted  for  nine  weeks,  about  one  week 
longer  than  the  average  case.  One  week  following  the  completion  of  treatment, 
pelvic  examination  revealed  no  evidence  of  tumor  in  the  cervix,  vagina  or 
parametria.  An  active  radiation  reaction  was  apparent.  The  reaction  healed  as 
expected  and  repeated  examinations  revealed  no  evidence  of  disease.  Fi\' 
months  after  treatment  the  patient  complained  of  left  .sciatica  of  increasiir_ 
.severity.  Eight  months  after  treatment,  the  rectovaginal  septum  and  botli 
parametria  were  thickened  and  noflular,  and  the  rectum  was  markedly  nar-  i 
rowed  by  ."surrounding  mass.  Other  complaints  now  included  back  pain,  rectal 
pain,  frcfjuency  and  burning  on  urination  and  increasing  constipation.  Barium 
enen)a  ( Fig.  1 »  showed  narrowing  of  the  rectum  with  smooth  margins  and 


Case  249,  Fig.  2A.  Right  anterior  oblique  view  of  the  rectum  and  rectosigmoid  during 
1   barium  enema  examination  shows  limited  distensibility  from  the  rectosigmoid  to  the 
anus  with  nodular  contours.  The  proximal  bowel  contains  stool. 

Case  249,  Fig.  2B.  Lateral  view  of  the  rectum  during  the  same  barium  enema  exami- 
nation confirms  marked  narrowing  of  the  bowel.  The  maximum  narrowing  occurs  5  cm 
above  the  anal  verge  where  the  maximal  narrowing  was  noted  clinically.  The  mucosa 
here  seems  frayed.  The  contours  are  nodular.  Again  separation  of  the  bowel  by  ap- 
proximately 3.5  cm  from  the  sacral  hollow  is  noted. 
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evideiu-e  of  suirounding  nia.>;s.  Ropeat  l)ariuin  encnui  one  montli  later  (Fig. 
2A  and  B)  revealed  increased  rectal  narrowing  with  nodular  contours  and 
perirectal  mass.  The  differential  diagnosis  both  clinically  and  radiographically 
lay  between  recurrent  carcinoma  and  radiation  fibrosis. 

The  patient  was  re-admitted  to  the  hospital.  Surgical  exi)loration  of  the 
abdomen  revealed  widespread  carcinomatosis  involving  all  jieritoneal  surfaces, 
omentum  and  a  frozen  pelvis.  A  diverting  colostomy  was  performed.  The  pa- 
tient expired  one  month  later  and  ten  months  after  completion  of  treatment. 
Post  mortem  examination  confirmed  the  presence  of  widespread  metastatic 
squamous  carcinoma. 

Case  Report:  Recvrr?:n"t  .\xd  met.\st.\tic  (arcinom.\  of  the  cervix  fol- 

LOWIXf;  RADIATION  THERAPY. 

DI.^CUSSION 

See  discussion  following  Case  No.  250. 

CASE  NO.  250 

A  31  year  old  female  was  admitted  to  the  hospital  because  of  severe  vaginal 
bleeding  and  borderline  shock.  She  stated  that  irregular  menstrual  periods  and 
intermenstrual  bleeding  had  occurred  during  the  previous  18  months.  Bleeding 
became  heavy  and  almost  continuous  in  the  few  days  prior  to  admission. 

General  i)hysical  examination  was  normal.  Pelvic  examination  revealed  a 
large  tumor  mass  with  deep  central  ulceration  which  replaced  the  entire  cervix 
and  extended  into  the  left  fornix.  The  left  parametrium  was  infiltrated,  but 
the  extension  did  not  reach  the  pelvic  wall ;  the  right  parametrium  was  free  of 
infiltration.  Brisk  bleeding  was  observed  from  the  central  ulcerated  area  which 
was  controlled  with  difficulty  utilizing  electrocautery.  The  clinical  impression 
was  carcinoma  of  the  cervix,  Stage  II.  A  biopsy  of  the  lesion  was  reported  as 
epidermoid  carcinoma. 

Preliminary  radiographic  studies  included  chest  x-ray,  intravenous  pyelo- 
gram  and  barium  enema  (Fig.  1),  and  these  were  normal.  The  patient  was 
referred  for  radiotherapy.  Treatment  consisted  of  250  Kv  external  beam 
therapy  to  six  pelvic  portals  along  with  9.000  mg-hrs  of  radium  therapy 
utilizing  vaginal  colpostat  and  intrauterine  tandem.  The  course  of  radiation 
represented  the  standard  treatment  employed  at  this  institution;  it  lasted  for 
seven  weeks,  about  one  week  shorter  than  the  average  case. 

One  week  following  the  completion  of  treatment,  pelvic  examination  re- 
vealed no  evidence  of  tumor  in  the  cervix.  An  active  radiation  reaction  was 
apparent.  The  patient  complained  of  frequent  loose  watery  stools.  One  month 
after  treatment  the  cervix  had  healed  and  only  slight  thickening  in  the  medial 
portions  of  both  parametria  was  reported  but  no  mass.  No  abnormal  .';ymptom< 
were  present  referable  to  bowel  or  bladder  function.  There  were  similar  find- 
ings seven  months  after  treatment.  Nine  months  after  treatment  the  patient  1 
reported  low  abdominal  cramps,  tenesmus,  frequent  urge  to  defecate  but 
failure  to  pass  stool  freely,  and  the  passage  of  bloody  mucus  per  rectum. 
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Case  250,  Fig.  1.  Lateral  view  of  the  rectum  during  barium  enema  examination  shows 
normal  distensibility  of  the  rectum  and  rectosigmoid.  The  bowel  has  a  normal  relation- 
ship to  the  sacral  hollow.  The  margins  are  smooth.  No  masses  are  noted. 


Kxaniination  revealcfl  a  tcndci-  liaiil  mass  surroundinir  the  ix'ctuin  continuous 
with  a  mass  in  the  left  paramcti'ium  which  i-cachcd  the  pelvic  walL  There  was 
lulihcry  induration  in  the  rijiht  ])aramctrium.  The  pcrii-cctal  mass  felt  sub- 
iiiiicosal  in  location  with  overlying  mucosa  intact. 

Barium  enema  revealed  narrowing  of  the  rectum  with  thickened  folds, 
nodular  contours  and  perirectal  mass  (Fig.  2A  and  Bl.  The  impi'ession  both 
rhnically  and  radiograiihically  was  that  of  I'ecuri'ent  advancing  neoplasm  and 
ilii'  patient  was  referred  to  anothei-  institution  foi'  i)ossible  radical  })elvic  sur- 
■iii'y.  Sigmoidoscopic  biopsies  wei'e  negative  for  tumor.  At  laparotomy,  a 
tliorough  exploration  revealed  fil)i-()>is  and  thickening  of  the  pelvic  tissues  and 
M'^nioid  colon  consistent  with  radiation  effects.  Alultiple  biopsies  were  taken 
Imt  no  tumor  was  found.  A  diveiting  pioximal  sigmoid  colostomy  was  per- 
ioiined.  The  patient  recovered  from  suigeiy  without  incident  and  was  dis- 
charged from  the  hospital.  The  time  was  now  approximately  one  year  after 
the  original  course  of  radiation  therapy. 


Case  250,  Fig.  2A.  Posteroanterior  view  during  barium  enema  examination  shows 
nodular  contours  and  thickened  folds  in  the  distal  sigmoid,  rectosigmoid,  and  rectum. 
Arrows  point  to  a  small  amount  of  residual  opaque  material  in  the  bladder  from  intrave- 
nous pyelogram.  Nodular  indentations  of  the  rectal  contours  are  noted  maximal  on  the 
left  aspect. 

Case  250,  Fig.  2B.  Lateral  view  of  the  rectum  during  the  same  barium  enema  exami- 
nation shows  marked  limitation  of  distensibility  of  the  rectum,  nodular  contours  through- 
out and  thickened  fold  pattern.  There  is  mass  around  the  rectum  with  the  bowel  sepa- 
rated from  the  sacral  hollow  by  a  distance  of  3.5  cm. 
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Three  weeks  later  there  was  a  suchlen  onset  of  profuse  hh'eding  from  the 
rectum  and  the  mucus  fistuhi  of  the  defunctionalizeil  l)owch  The  patient  was 
brought  to  tlie  hospital  where  she  expired  despite  vigorous  transfusion  therapy. 
Post  mortem  examination  revealed  mucosal  ulceration  and  thickening  of  the 
bowel  in  the  rectum  and  rectosigmoid.  There  was  I)lood  in  the  l)owel  l)ut  a 
specific  bleeding  source  was  not  identified.  Caicful  <iross  and  histologic  ex- 
amination revealed  severe  radiation  changes  hut  no  (■\  i(l('nc('  of  rai'cinonia. 

Case  Report:  Severe  radi.\tiox  chaxces  folluwixc  therapy  for  carci- 

XOMA  OF  the  cervix. 

DISClS.slOX 

Cases  No.  249  and  No.  250  are  similar  in  many  I'espects.  From  the  clinical 
viewpoint  they  both  represent  examples  of  advanccfl  Stage  II  carcinomata  of 
the  cervix  with  an  initial  favorahk'  i-osponsc  to  a  vigoious  course  of  radiation 
therapy.  Complications  developed  in  each  case  in  tlie  latter  half  of  the  first 
year  after  treatment,  and  the  difterential  diagnosis  lay  between  recurrent  neo- 
plasm and  severe  radiation  effects.  Comi)arison  of  the  barium  enema  studies 
in  the  two  cases  is  particularly  challenging.  The  radiographic  features  of 
narrowing  of  the  rectum  with  limited  distensibility,  nodularity  of  contour,  and 
perirectal  mass  are  A-irtually  identical  in  the  two  cases.  The  apjiearance  of 
the  rectum  before  and  after  treatment  in  Case  No.  250  makes  a  stiiking  com- 
parison; the  rapid  progression  of  the  mass  with  nodularity  in  Case  No.  249  is 
equally  striking. 

When  faced  with  the  clinical  j^roblem  it  is  important  not  to  lea])  to  false  con- 
clusions. Additional  radiation  therajn-  to  the  pelvis  in  a  case  of  severe  radia- 
tion reaction  with  a  mistaken  diagnosis  of  recurrent  neoplasm  leads  to 
disaster.  Procrastination  in  a  case  of  recurrent  neoplasm  may  forfeit  the  oppor- 
tunity for  additional  palliative  radiotherajn'  or  radical  surgery.  Exploratory 
laparotomy  with  multiple  biojisics,  as  in  both  cases  presented,  must  often  be 
advised  in  order  to  establish  a  definitive  diagnosis. 
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Demetrius  Pertsemlidis,  Resident  in  Surgery,  for  his  paper  entitled,  "Xeonatal 
Gastric  Perforation,"  and  to  Dr.  Eugene  Ainbender,  Research  Associate  in 
Pediatrics,  as  co-author  of  a  paper  entitled,  "A  Substance  Obtained  from  a 
Staphylococcus  Which  Rapidly  Enhances  Resistance  to  Infection." 

Each  paper  was  considered  of  such  merit  that  the  Connuittee  was  impelled  to 
grant  two  awards.  The  co-authors  with  Dr.  .Ainlx-nder  are  not  eligible  to  share  the 
award  under  the  terms  of  the  grant. 
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FOREWORD 

On  .July  1,  19(52,  the  Divi-^ion  of  Cardio-thonicic  Surjj;i'ry  of  The  Mount 
Sinai  Hospital  was  formally  established.  Yet  the  inception  and  practice  of 
thoracic  surgery  at  the  hospital  preceded  this  event  by  almost  fifty  years. 
Indeed,  history  records  that  one  of  Mount  Sinai's  .sons,  Howard  Lilienthal, 
played  a  major  and  pioneer  role  in  the  evolution  of  thoracic  surfiery  as  a 
.specialty.  Doctor  Lilienthal's  contributions  to  the  field  ranged  far  and  wide 
and  included  surgical  apjiroaches  to  pulmonary  tuberculosis,  cancer  of  tlu' 
lung,  suppurative  lung  diseases  and  empyema — to  nu'iition  just  a  few.  A  sig- 
nificant landmark  in  the  surgery  of  esophageal  cancer  was  Lilienthal's  re- 
port of  the  posterior  mediastinotomy  ai^proach  which  he  read  before  the 
American  Surgical  Association  in  June  of  1921.  Although  four  sul)se(iuent 
]iatients  succumbed,  his  initial  i)atient  survived  for  more  than  one  year  dying 
from  the  effects  of  recurrent  cancer  and  a  tracheo-esophageal  fistula. 
Lilienthal's  crisp  epicritical  note,  ])ublished  with  details  of  the  necropsy 
findings  (Ann.  Surg.,  Sejit.  1922 1  is  as  sound  today  as  when  it  was  wiitten: 
''This  case  and  others  in  which  the  first  stage  only  was  performed  have 
taught  me:  First,  that  the  o])eration  as  planned  is  feasible.  Second,  that  in 
order  to  succeed  the  i)atient  must  present  himself  while  the  disease  is  still 
localized  within  the  oesophagus.  Third,  that  much  wider  resection  of  the 
oesoj)hagus  should  l)e  made  than  would  a]i]iear  necce.ssary  judging  by  the 
extent  of  the  visible  lesion."  The  years  which  have  followed  have  seen  The 
Mount  Sinai  Hospital  rise  to  unciuestioned  i)re-eminence  in  the  surgery  of 
esophageal  cancer,  John  Garlock.  writing  in  the  1941  Lilienthal  Festschrift 
asserted:  "We  have  now  reached  a  stage  in  the  surgical  thera])y  of  cancer  of  the 
esophagus  where  we  can  assure  the  patient  of  a  reasona))le  chance  of  survival. 
Dr.  Lilienthal's  contribution  to  the  subject  indicated  the  feasibility  of  safe 
surgical  attack  and  gave  I'ncourageinent  to  surgeons  in  later  years  to  extend  the 
field  of  applical)ility  of  the  principles  -t)  clearly  enunciated  by  him." 

Lilienthal's  detailed  accotmt  oi  lobectomy  in  the  treatment  of  bronchiecta- 
sis, published  in  1922,  represented  the  first  extensi\e  clinical  rej)ort  in  the 
medical  literature  on  the  subject.  His  colleague,  I-]\ait>  .\.  (Irahain  noted: 
"Although  his  mortality  figures  in  those  early  cases  would  lia\-e  been  discourag- 
ing to  many,  they  did  not  shake  liis  resolute  and  indomitable  pioiu'eiing  spirit. 
Moreover,  his  series  was  a  demonstration  that  it  is  not  merely  a  chance  lucky 
patient  who  will  survive  the  o])eration  but  that  m  good  risk  cases  thv  patients 
are  likely  to  survi\-e.  These  operations  of  his  at  that  time  without  the  benefit  of 
modern  diagnostic  metiiods  of  accurate  localization  and  without  many  of  the 
modern  technical  proci'dures  which  increase  the  safety  of  the  oi)eration,  and  even 
in  the  face  of  hostile  criticism  from  some  of  his  colleagues,  ai'e  good  e\-idence  of 
his  courage,  his  self-reliance  and  his  indei)endence." 

Lilienthal's  classic  work,   Thtndcic  Surgery,  in  two  volumes,  pul)lished 
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in  1925.  was  the  fii^t  Ann'rican  troatii^e  on  the  subject.  Here  one  sees  the 
author's  broad  experience  meticulously  set  clown.  From  the  first  chapter 
on  •'General  Considerations''  until  the  last,  "Military  Surgery,"  these  six 
hundred  and  ninety-four  pages  display  basic  approaches  to  thoracic  disease 
which  are  as  applicable  today  as  they  were  then. 

In  an  attempt  to  give  proper  honor  to  the  memory  of  Howard  Lilientlial, 
a  series  of  memorial  lectures  has  been  instituted  here  at  the  hospital.  The 
speakers  for  the  academic  year  1963-1964  are  listed  below: 

Sept.  7,  HU)3.  Myniii  \V.  Whoat.  .Fr..  .M.I).,  .Vssociatc  I'rofe.ssor  of  Surgery, 

University  of  Florida  College  of  .Medicine. 
"Ultrastructure  Autoradiograph  and  Lysosome  Studies  in 
Myoea  rdiuin." 

Sept.  21,  19G3.  James  .\.  Helinswort h.  .M.I).,  .\ssoeiate  Professor  of  Surgerx  , 

University  of  Cineinnati  College  of  Medicine. 

"Considerations  in  the  Surgical  Treatment  of  Transposit icn 
of  the  Great  \'e,ssels." 

Nov.  IG,  1063.  Frank  (lolhui,  M.I).,  Chief,  l{adio-Isotope  Service,  \'eterans 

Administration  Hospital.  Coral  Caljles.  Florida,  and  .\ssistaiit 
Professor  of  Medicine,  University  of  Miami  School  of  Medicim 
"Carl)on  Dioxide,  Waste  Product  or  F.li.xir?" 

Dec.  14,  Philip  Samet .  .M.I).,  Chief.  Cardiopulmonary  Laboratory,  Mount 

Sinai  Hospital,  Miami  lieach,  Florida,  and  .\ssociate  Professor 
of  Medicine  and  Physiology,  University  of  Miami  School  of 
Medicine,  and  William  H.  Bernstein.  M.D. 

'■Hemodynamic  Considerations  in  Coinplet/*'  Heart  Block."' 

Jan.  IS,  liMit.  Willem  J.  Kolff,  .M.I).,  Chief.  Department  of  Artificial  Organs. 

Cleveland  Clinic. 

"To  Live  Withovit  Heart  and  Kidneys." 

Feb.  20.  intVt.  Kiigene  Braunwaid.  .\I.I)..  Chief,  C.irdioldgy  Branch  .X.itional 

Heart  Institute. 

"The  -Mechanism  of  .\clioM  of  Digitalis.  " 

.March  21.  lOfit.  Pierre  .M.  Calletti,  M.I).,  .\ssociate  Professor  of  Piiysiology, 

I'.tnnr\-  University  School  of  .Medicine. 

•  Phxsiological  Basis  for  .\ssis1ed  Circulation." 

April  IS,  101)4.  Dwiglil  I',.  Harkcii,  .M.I).,  Clinical  Professor  of  Surgery,  Harvard 

Medical  School. 

"I.  A  New  Caged-Ball  Aortic  and  .Mitr.-ii  \  .live  and  II.  .Moni- 
toring and  Controlled  licspir.il  ion  in  Critically  111  Pa- 
tients." 

The  following  series  of  papers  are  respectfully  j)ul)lislied  in  memory  of 
Howard  Lilienthal  and  his  many  contributions  to  the  field  of  thoracic 
surgery. 

Robert  S.  Litwak,  M.D. 


I.  A  New  Caged-ball  Aortic  and  Mitral  Valve 

and 

II.  Monitoring  an<l  Controlled  Respiration  in 

Critically  111  Patients* 

DWIGHT  E.  HARKEN,  M.D.t 

The  Howard  Lilienthal  Lecture  Series  honors  a  surgeon  pre-eminent  among 
tlie  illustrious  of  this  liospital  and  of  the  world.  We  who  participate  in  this 
homage  are  grateful  for  the  borrowetl  distinction. 

All  thoracic  surgeons  of  my  i^cncration  have  been  directly  influenced  by 
Dr.  Lilienthal.  The  courageous  tenacity  with  which  Dr.  Lilienthal  persisted 
in  his  bold  but  disappointing  adventures  with  lobectomy  and  pneumonectomy 
had  more  relevance  to  the  continuing  efforts,  in  the  early  dark  days  of  mitral 
valve  surgery,  than  most  of  you  know  nor  do  I  care  to  recall. 

This  salute  to  Dr.  Lilienthal  will  be  in  two  parts.  The  first  will  describe 
a  new  caged-ball  vah'e  for  aortic,  mitral  or  combined  replacement.  The  second 
part  will  point  up  monitoring  and  resjiiratory  support  techniques  that  have 
made  this  complicated  surgery  safer.  The  l)i-oader  significance  of  these  moni- 
toring methods  and  the  cardio-respiratory  supjiort.  to  other  critically  ill 
patients,  is  apparent. 

I.  A  XEW  C.\GED-B.\LL  AORTIC  .\XD  M1TR.\L  V.\LVE 

The  new  valve  is  more  versatile  than  its  predecessor  which  was  the  first 
caged-ball  valve  to  be  used  successfully  in  limnans  at  the  anatomic  site.  The 
new  valve  (Fig.  1)  has  a  number  of  advantages: 

a)  Three  sizes  cover  the  spectrum  for  adult  humans  for  aortic,  mitral  and 
combined  replacement.  In  this  versatility  they  are  unique. 

b)  The  cages  are  of  titanium,  which  is  lighter,  stronger  and  less  reactive 
than  other  metals. 

c)  The  ball  and  valve  orific  ratios  are  such  that  low  a^ti^■ation  forces  are 
required  on  a  relatively  large  ball.  This  reduces  the  opt'inng  and  closing  time 
lag. 

d)  Time  lag  in  opening  and  closing  the  valve  or  "activation"  factors  in- 
herent in  overcoming  the  inertia  of  solid  (though  isobaric)  silicone  balls  is 
further  reduced  by  making  them  hollow. 

Lecture  presented  April  18,  1964,  at  The  Mount  Sinai  Hospital,  New  York,  N.  Y. 

*  From  the  Department  of  Surgery,  Peter  Bent  Brigham  Hospital,  Boston,  Mass.,  and 
Surgical  Research  Laboratory,  Harvard  Modical  School,  Boston,  Mass.  Supported  in  part 
by  United  States  Public  Health  Grants  HTS-5231.  HE-02419  and  HE-08698,  and  a  very 
special  acknowledgement  of  appreciation  to  Nathan  Reifler,  his  family  and  friends. 

t  Clinical  Professor  of  Surgery.  Harvard  Medical  School;  Surgeon  and  Chief  of  Depart- 
ment of  Thoracic  Surgery,  Peter  Bent  Briaham  and  Mount  .\uhurn  Hospitals. 
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cl  A  unique  off-set  interface  lietwt'en  hall  and  base  eliminates  tiie  danger 
of  stieking  and  broad  hall  aiul  cage  top  contact  reduces  wear. 

fi  Tapered,  elliptical  struts  offer  minimal  resistance  to  forward  blood  flow 
and  hold  the  walls  of  the  aorta  and  ventricle  away  from  the  ball  raceway 
to  prevent  interference  with  l>all  action. 


I 


l''i<;.  1.  Throe  .sizes  of  cajied-ball  valves  eover  llie  aoilif  and  mitral,  human  adult  .size  spee- 
tnim.  The  two  white  balls  (hollow)  are  contrasted  with  the  obsolete  .solid  balls.  Note  smooth 
outflow  tract.  The  only  metal  exposed  is  in  high  velocity  axis  to  prevent  pannus  extension. 
Strut  ends  at  open  apex  present  recessed  tips  for  atraumatic  leading  surface  to  seiituiii  aiul 
ventricle.  Ball  side  of  strut  apex  provides  broad  contact  surface  to  reduce  wear. 

gl  The  skirt  is  of  foni-iily  Dacron®*  of  coarse  ])orosity  and  swedged  to  the 
titanium  base  so  that  no  fiat  atrial  metal  surface  is  cxjwsed  to  propagate 
thrombus  and  emboli,  ("oar.se  skirt  texture  favors  fibroblast  infiltration. 

h)  The  hollow  silicone  ball  reduces  opening  and  closing  impact  that  may 
produce  distiu'bing  .sounds  and  sensations. 

i)  The  open  valve  to|)  eliminates  streamer  thiomlms  ])i()l)lems  from  apical 
crossed  struts. 


•®A  DuPont  pic.iuct 


c.\(;kd-ball  valvk;  momtukin(i  i'atiknts 
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jj  Point?;  at  the  open  valve  apex  are  recetisetl  presenting;;  a  smooth 
distal  leading  strut  surface. 

k)  The  ball  is  glazed  to  reduce  blood  reaction.  In  the  wet  state  this  niini- 
mizes  surface  cohesion  between  ball  and  cage. 


Fig.  2.  A)  Low  "T"  incision  witli  sternal  (li\  ision  dcx  iat mt;  \n  n^lH  in  aortic  area  and 
left  over  ventricles.  B)  Isolation  of  vessels  for  occlusion,  ('onilmicd  cnxal  canniilation  not 
generallv  used.  Prefer  right  atrial  and  femoral  take-off  allowing  ictrograde  coronary  per- 
fusion. C)  Low  transver.se  aortotoniv  with  immediate  cold  coronary  jierfusion. 


Fig.  3.  Cold  coronary  perfusion  during  mctii  uious  \  alve  excision. 
Fig.  4.  Multiple  sutures  (approximately  30)  maintained  m  orderly  pattern  by  9"  ring 
(not  shown). 

Aortic  Valve  Replacetnent 

Illustrations  2A,  2B  and  2C  demonstrate  exposure  of  the  aortic  base 
through  a  sternal  splitting  incision,  transverse  aortotomy  and  cold  coronary 
artery  perfusion.  The  right  atrium  and  femoral  vein  are  cannulated  for  venous 
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take-off.  The  damaged  aortic  valve  is  excised  and  great  care  is  exercised  to 
avoid  losing  calcium  i)articles  that  may  later  become  emboli.  The  calcium 
is  removed  as  completely  as  possible.  Occasionally  this  involves  perforation 
of  the  aortic  wall,  the  interventricular  septum  or  major  mitral  leaflet.  Such 
defects  are  carefully  repaired  if,  as  and  when  they  occur.  The  chamber  of 
the  left  ventricle  is  packed  to  avoid  loss  of  calcific  jjarticles  and  fine  suction 
filters  are  placed  in  the  coronary  return  sucker  lines. 

After  excision  of  the  valve  and  meticulous  calcium  removal,  the  skirt  is 
fixed  with  multiple  (generally  30)  Tefdac®*  (000 1  sutures.  These  may  be 
kept  in  order  by  affixing  to  a  stainless  steel  sjjring  ring  9"  in  diameter  (Figs. 
3,  4).  After  all  sutures  are  placed,  the  valve  slides  into  place  and  the  sutures 
are  tied  for  firm  fixation  (Fig.  5).  The  valve  in  place,  the  aorta  is  closed 


Fig.  5.  The  valve  is  fixed  firmly  in  subcoronary  position  by  overlapping  suture.?. 
Fig.  6.  Transverse  aortotomy  closure. 

with  Tefdac®  (0000)  running  sutures  (Fig.  6).  As  the  aortotomy  is  closed 
(Fig.  7)  air  in  the  left  atrium,  left  ventricle  and  aorta  is  flushed  out  with  CO2  . 
Occasionally  this  maneuver  is  associated  with  left  to  right  shunt  through  an  open 
foramen  ovale  and  venous  return  is  interrupted.  This  quickly  rectifies  itself 
if  the  CO2  flow  is  stopped.  The  obstructing  tourniquet  on  the  pulmonary 
artery  is  released  every  ten  minutes  during  by-pass  to  allow  perfusion  of 
the  cooled  lungs  f28°C.).  The  hmgs  are  slowly  ventilated  with  80%  O^  during 
by-i)ass  (Fig.  8). 

With  the  opening  of  the  aorta  the  left  ventricle  is  decompressed  through 
a  coronary  sucker  in  the  apex  of  the  left  ventricle. 

A  warning  must  be  sounded  regarding  the  over  use  of  calcium,  isoproterenol, 
norepinephrine  or  other  ionotrophic  drugs  at  this  phase  in  patients  who  have 
maissive  concentric  left  ventricular  hypertrophy.  Such  tetany  of  the  ventricle 
may  occur  as  to  cause  lethal  outflow  tract  obstruction  or  reduced  stroke 

.\  Deknatel  and  Son,  Inc..  Queens  Village.  L  I.,  X.  Y. 
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volunu'.  This  "iatrogcnio  obstruction  to  cardiac  output"  will  be  the  subject 
of  a  subsequent  report. 

For  six  hours  after  operation  (longer  if  indicated),  the  endotracheal  tube  is 
retained  for  controlled  respiration  as  will  be  described  later. 

Thirty-six  hours  after  operation,  if  there  is  no  contraindication  the  patient 
is  placed  on  heparin.  This  heparinization  is  tapered  off  just  before  discharge 
from  the  hospital.  We  do  not  believe  that  prolonged  Coumadin®*  "anti- 
coagulation" confers  any  added  protection  against  eml)olization  when  using 
this  new  type  of  valve. 


Fig.  7.  The  aortotomy  incision  is  closed  at  the  ends  first  where  exposure  is  more  difficult. 
The  anterior  portion  is  closed  after  air  has  been  washed  out  with  carbon  dioxide. 

Fig.  8.  The  aortotomy  closure  is  complete,  the  clamp  is  removed  and  the  ventricle  decom- 
pressed through  apical  suction. 

Mitral  Valve  Re-placement 

The  late  experience  with  mitral  valve  annuloplasty,  even  in  non-calcific 
valves  was  disappointing,  even  though  competence  was  restored  and  the  up- 
ward herniation  of  the  incompetent  mitral  complex  was  corrected.  The  in- 
exorable march  of  the  valve  disease  process  and  the  abnormal  leaflet  coapta- 
tion trauma  has  brought  most  of  these  people  back  for  further  operations 
(Fig.  9). 

The  next  step  in  the  evolution  of  surgery  for  mitral  insufficiency  was  that 
of  partial  replacement  in  which  the  mural  leaflet  was  extended  by  an 
Ivalon®t  "sandwich  baffle"  to  correct  the  space  deficiency  (Fig.  10 1.  This 
carried  a  better  and  more  lasting  hemodynamic  result,  but  unfortunately 
many  major  aortic  cusps  of  the  mitral  complex  were  damaged  by  repeated 
systolic  trauma  against  the  Ivalon®  buttress.  The  substitution  of  the  caged- 
ball  valves  for  compromise  procedures  has  been  widely  adopted.  Hopefully 
the  valve  described  here  has  advantages  over  the  mitral  Starr  valve.  Refer- 

*®Endo  Laboratories,  Inc.,  Richmond  Hill,  N.  Y. 
t  ®  Clay  Adams  Inc.,  Chicago,  111. 
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ciu't'  lias  alri'ady  Ixh'II  luadi'  to  some  of  tlicsr.  The  base  is  l(>ss  l)ulky,  tliore 
is  loss  im>tal  exposed  for  panniis  formation  and  therefore  less  likelihood  of 
onibolization.  The  open  cage  top  icduees  the  danger  of  streamer  tliromhi  and 
embolization.  The  skirt  of  coarse  i)oroiis  four-ply  Dacron®  is  not  only 
smaller  but  more  flexible  and  more  readily  infiltrated  with  fibroblasts. 

The  mitral  valve  was  originally  placed  throvigh  u  right-sided  or  sternal 
splitting  incision.  This  was  awkwaid  and  a  left -sided  approach  was  developed. 


Fig.  9.  Now  ohsolcic,  llic  ■•aiiiiulopla.'^l.v"  was  pciioniH  il  tliroiifih  liRlit  adiuni  and  srpliiin. 
Suturos  i)uttre.';s(Ml  hv  jilaslic  sponge  liclil.  l>nl  leaflets  roiil lact cd  and  iiisufficicnc\-  often  rc- 
ciirnd. 


The  main  objection  of  the  left  ai)proacli  was  that  of  venous  cannulation  for 
by-pass.  An  especially  contouicd,  tajjeicil  camnda*  lenders  right  ventricu- 
lar cannulation  simple  (Fig.  11).  The  right  ventricle  is  exposed  by  api)ropriate 
marsupialization  of  the  pericardium  and  30°  backward  rotation  from  the 
direct  left  lateral  decubitus  position  (Figs.  12A,  12B).  Having  cannulated 
the  right  ventricle,  the  |)atieiit  is  then  rotated  30°  forward,  beyond  the 
direct  left  lateral  jjositioii  to  expose  the  left  atrium  (Fig.  12(').  Mitral  valve 
excision  and  icplacenieiit  are  then  straightforward  (Figs.  13,  14). 

*  Maniifartnrcd  liy  the  Davcl  IJuKIk  t  ("onip.any.  I>i<)\  idcn<-c.  Rhode  Island. 
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W  lkii  tlic  mitral  valve  is  being  removed  and  replaced  the  aortic  valve  may 
be  comi)etent  enough  to  allow  continuous  perfusion  of  the  coronaries.  If  re- 
flux interferes  with  vision,  the  tourni(iuet  about  the  upper  ])ait  of  the  as- 
cending aorta  can  be  used  to  occlude  the  aorta  intermittently  (Fig.  12B). 
The  chordae  tendinae  and  apices  of  the  papillary  muscles  are  removed  with 
the  valve  complex.  However  to  i)la('e  tlie  prosthetic  valve  base  away  from  the 


Fig.  10.  Tlie  "sandwich  baffle"  was  placed  via  left  thoracotomy  as  in  Figure  12.  Major 
leaflet  often  contracted  as  in  "annuloplasty"  with  recurrence  of  regurgitation. 


aortic  valve  and  left  ventricular  outflow  tract  a  one  to  two  centimeter  cuff 
of  the  major  mitral  leaflet  is  not  excised  (Fig.  13B). 

When  the  combined  valve  replacement  is  necessary,  the  exjwsure  of  the 
base  of  the  aorta  is  expedited  by  incising  the  residual  margin  of  the  mitral 
major  leaflet  (Fig.  15A).  Exposure  is  facilitated  by  traction  sutures  (Fig. 
15B)  for  excision  of  the  aortic  valve.  Having  excised  the  aortic  valve,  traction 
sutures  in  the  aortic  commissures  secure  aortic  base  exposure  and  often  allow 
coronary  perfusion.  As  .soon  as  the  prosthetic  aortic  valve  is  jilaced,  coronary 
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perfus^ion  is  i)ossil)lc'  by  releasing  tlie  touriii(iuct  on  tlic  aorta.  Coronary 
perfusion  as  wvW  as  inteiinittent  pei-fusion  and  A-entilation  of  tlie  lung  are 
important. 

Experience  now  with  aiJijroxiniately  300  valve  rej^lacements  makes  it  pos- 
sible to  say  that  favorably  selected  aortic  and  mitral  valve  prostheses  can 
be  inserted  with  a  mortality  of  less  than  10'';.  Tliose  in  failure  or  who 
have  had  prt'vious  sui'gcry  have  a  considerably  higlui-  risk.  Combined  valve 
replaremont  of  more  favoral)k'  cases  (not  in  faihuel  without  previous  sur- 


Fic.  11.  Tlic  film  tapered  liji  facilitates  caiinulat  lou  of  the  riuht  \  eiitiiele  or  atrium. 

gery  should  be  oi)ei-atc(i  with  a  mortality  of  appioximately  'HV f .  We  should 
and  will  improve." 

II.   .M()MT()KI.\(.  METHODS  .\.\T)  CO.XTROLLEU  KESP1K.\T1< ).\  I.\ 
CHITICALLV  ILL  P.\T1E.\T.S 

The  second  portion  of  this  commemorative  discussion  attempts  a  broader 
purpose.  It  reflects  briefly  on  some  monitoring  methods  that  have  become 
standard  practice  in  the  postoperative  caic  of  patients  after  more  com])li- 
cated  open  heart  surgery.  Finally  the  tccliiii(|ue  of  prolonged  controlled  res- 
piration has  evolved  from  open  heart  surgeiy.  These  methods  should  be  ap- 

•  This  portion  of  llie  prosentation  was  iiliist rated  \>y  motion  pietuio  films  of  tin;  teehni<|Ues 
involvefl. 
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plied  to  other  i)aticnt:^  such  as  tliose  critically  ill  after  massive  gastrointestinal 
bleeding,  barbiturate  poisoning  or  massive  myocardial  infarction. 

Monitoring  simply  facilitates  and  extends  observation.  The  more  we  do 
for  our  ])atients  the  greater  our  obligation  for  observation.  The  nioi'c  precise 
our  observations,  the  better  regulated  and  appropriate  are  those  tiniiii-  we  do. 
Individually  the  techniques  of  monitoring  outlined  here,  even  the  tlu  ia|)eutic 


Fin.  12.  A)  Lateral  decubitus  with  full  4th  intenspafp  inci.'^ion  and  di\isioa  of  costal 
iiphysis.  B)  The  pulmonary  artery  and  aorta  are  isohitcd.  Tho  jxatient  is  rotated  back 
xpose  the  right  ventricle  for  cannulation  after  the  heart  is  hftcd  and  rotated  by  peri- 
lial  mai-supialization.  C)  Reverse  rotation  for  left  atrial  oxiHisurc. 


iiuplications  of  those  measurements,  are  for  the  most  jiai  t  well  known.  How- 
'  \-er  the  entire  interrelated  constellation  has  not  been  routinely  used  in  the 
intensive  care  of  critically  ill  i)atients. 

y-dWe  replacement  is  only  one  facet  of  the  surgical  program  recjuiring  more 
'  Miupli-x  ()bser^•ation  and  care.  Your  own  Doctors  Litwak  and  Gadboys  have 
'  Mended  the  nee(l  l)y  discovering  that  the  mere  u.'^e  of  multiiile  hunran  trans- 
MMons  and  homologous  transfusion  reactions  may  liave  caused  many  of  the 
iitiiculties  of  our  early  open  heart  procedures.  They  have  added  safety  through 
'  iiiodilution  and  reduced  the  number  of  donors  necessary  for  an  o]ieration. 
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use  approxiiuatt'ly  l-{\uh\  parts  of  blood  and  Ringci's  solution,  adjusting 
the  pH  to  7.4  and  adding  glucose.  This  technique  of  heniodilution  for  by-pass 
has  inii)roved  the  microcirculation  and  moderate  hypothermia  has  further  re- 
duced tlie  metabolic  deficits  of  perfusion.  Some  metabolic  acidosis  can  be  cor- 
rected witli  organic  buffers  (Triss®*)  in  the  postojierative  period. 

As  procedures  become  more  complicateil,  variables  are  added  and  more 
comjilex  monitoring  is  recjuired.  There  is  no  defense  for  such  reckless  state- 


FiG.  13.  Valvo  e.\|)Of;uro.  B)  A  generous  curtain  of  major  mitral  leaflet  place.*  the 
prosthe.sis  away  from  the  aortic  ba.se  and  outflow  tract.  C-D)  The  valve  complex  is  exci.«ecl 
to  the  tips  of  the  papillar>'  muscle.*.  F)  Expo.sure  is  facilitated  by  traction  sutures. 


nients  as  "we've  given  up  all  monitoring  dui-ing  by-pas.*  excei)t  flo\v."  A  sur- 
geon who  carries  such  thinking  to  tlie  posto])erative  phase  should  agree  to 
operate  only  patients  who  can  present  no  possible  controllable  deviation  from 
the  physiologic  norm.  This  denies  care  to  the  neediest  and  can  hartlly  expect 
to  improve  existing  therapy. 

The  recurring  question  is.  what  to  monitor  and  what  to  do  al)out  the  infor- 
mation obtained?  Simplicity  and  ready  availability  are  relative  terms.  We  ,^ 
will,  hopefully,  soon  have  readily  availal)le.  other  important  data  related  to 


•®  Abbott  Laboratories,  Xorlii  Chicago,  111, 
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serial  cardiac  outi)Uts.  imra-and  cxtravascular  fliiid  cstiiuation  ami  .so  forth. 
It  is  important  to  c'mi)hasize  here  wliat  is  available  now  and  routine. 

Through  common  usage  the  following  techniciues  have  become  standard  to 
the  point  of  simplicity. 

Prior  to  surgery  a  jiolyethylene  catheter  (P.E.  90-160)  is  passed  into  the 
ulnar  or  brachial  artery  to  or  near  the  aortic  arch.  Central  arterial  pressures 
can  then  be  followetl.  This  can  be,  but  need  not  be,  recorded  by  elaborate 


Fig.  14.  The  mitral  prosthesis  is  secured  by  central  intonupfcd  sutures  and  the  knots  are 
covered  by  the  skirt  sutured  to  the  atrium  by  running  >\itui(  s. 


devices.  An  accurate,  constant  mean  pressure  reading  can  be  followed  by 
means  of  a  mercury  manometer  attached  to  the  bedside  table.  The  limitations 
of  conventional  blood  pressure  cuffs  are  soon  evident.  Often  peripheral  vas- 
cular constriction  leads  one,  using  an  arm  cuff,  to  conclude  that  the  pressure 
is  low  when  the  use  of  such  drugs  as  norepinephrine  may  have  produced  a  very 
high  central  pressure.  The  disadvantages  of  such  misinformation  to  renal  and 
other  peripheral  perfusion  as  well  as  in  myocardial  jircssure  work  are  evident. 
This  cannula  is  a  ready  source  of  arterial  blood  sampling.  These  cannulae 
generally  remain  in  situ  for  24  to  48  hours. 

Similarly  and  through  the  same  cutaneous  cut-down  site  the  anticubital 
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vein  can  be  eannulated  with  a  polyethylene  catheter  (P.E.  2o0l  passed  to  the 
superior  cava.  This  allows  easy  determination  of  central  venous  pressure.  It 
again  is  a  ready  source  for  venous  blood  sampling  and  a  port  for  delivering 
such  solutions  as  vasopressors,  glucose,  potassium,  ^lannitol  and  organic 
buffers  that  might  cause  vein  and  tissue  damage  if  delivered  into  smallei 
peripheral  veins.  Left  atrial  and  ]>ulnionary  artery  pressure  monitoring  have 


Fig.  15.  Aortic  valve  excision  and  replacement  can  be  carried  out  after  the  mitral  valve 
has  been  excised.  C)  The  skirt  can  be  reduced  in  size  if  necessar\'.  D)  Exposure  of  the  aortic 
ba.«e  is  facilitated  by  traction  sutures  in  the  commissures. 


relevance  to  heart  surgery  rather  than  to  the  general  cai-e  of  other  critically 
ill  patients. 

The  electroencephalogram  may  have  been  overused.  Remarkable  changes  of 
uncertain  significance  may  occur  throughout  anesthesia  and  surgery  with 
and  without  by-pass.  Following  surgery  the  level  of  the  patients'  conscious- 
ness provides  as  satisfactory  an  estimate  of  brain  perfusion  as  does  the  electro- 
encephalogram. This  device  then  becomes  an  instrument  for  specific  rather 
than  general  use. 

The  common  use  and  advantages  of  a  cardioscope  in  monitoring,  with  fre- 
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quent  added  complete  electrocardiographic  survey,  are  such  a.<  to  require 
little  more  than  passing  reference.  So  uuicli  can  be  done  to  control  heart  rate, 
myocardial  ischemia  and  the  arrhythmias  that  this  continuous  i>asMiiLi  jiatK  in 
on  the  screen  is  invaluable.  It  is  also  a  wholesome  reminder  to  the  surgeon 
and  the  anesthesiologist  that  they  have  an  obligation  to  understand  the  elec- 
trocardiogram. 

The  indwelling  catheter  i)roviding  minute  to  minute  or  hourly  urinary  out- 
put contributes  guides  to  the  rational  use  of  blood,  fluids,  diuretics,  glucose 
and  potassium. 

The  frequent  assay  of  such  factors  as  electrolytes,  blood  chemistry  and  the 
hematocrit  need  no  comment  except  to  condemn  the  common  correlation  of 
sampling  with  the  cycle  of  the  working  day.  There  is  too  little  of  this  form 
of  monitoring  and  particular  neglect  of  the  potassium/digitalis  relationship. 

It  is  widely  assumed  that  the  patients'  body  temperature  as  recorded  by 
the  nurse  on  the  chart  has  high  correlation  with  fact.  The  routine  use  of  a 
rectal  thermocouple  affords  a  whole  new^  dimension  of  accuracy  and  con- 
venience. 

Probably  the  greatest  recent  contributions  to  the  care  of  the  critically  ill 
have  been  in  the  areas  of  acidosis  and  alkalosis  (metabolic  and  respiratory). 
The  patient  on  cardio-pulmonary  by-pass  and  his  postoperative  care  have 
forced  an  incredible  crash  program  to  improve  technical  methodology  and 
physician  understanding.  It  is  now  easy  to  obtain  accurate  arterial  and 
venous  p02  ,  pH  and  pCOo  values  frequently  and  easily.  Furthermore  appro- 
priate therapy  can  often  be  direct  and  innnediate.  The  most  effective  and  most 
recent  extension  of  therapy  here  is  long-term  assisted  or  controlled  respira- 
tion. 

Over  the  years  there  has  been  reluctance  to  leave  a  cuffed  endotracheal 
tube  in  place  for  prolonged  periods  (one  or  more  days).  This  apprehension 
may  stem  from  early  oversized  rubber  tubes  that  caused  larynx  or  cord 
damage.  Now,  however,  this  has  lost  some  of  it  validity  as  the  non-reactive 
plastics  can,  with  a  smaller  outside  diameter,  i)rovide  greater  lumen.  Such 
endotracheal  tubes  have  allowed  postponement  of  or  avoidance  of  tracheos- 
tomy; this  is  important  for  tracheostomy,  at  times  invaluable,  but  does  carry 
a  high  incidence  of  associated  pulmonary  infection.  In  addition  whether  trans- 
oral  or  transtracheostomy,  the  cuffed  endotracheal  tube  provides  opportunity 
for  meticulous  tracheobronchial  toilet.  Finally  this  intubation  makes  possible 
the  use  of  one  of  our  most  valuable  therapeutic  aids,  mechanical  assisted 
and  controlled  respiration.  When  a  demand  valve  allows  mechanical  augmen- 
tation of  the  patients'  respiratory  effort,  this  is  assisted  respiration.  When 
the  patients'  inspiratory  forces  are  taken  over  by  the  mechanicar  ventilator, 
it  is  called  controlled  respiration.  This  "control"  may  come  about  through  a 
variety  of  mechanisms  including  patient  exhaustion,  paralysis  of  respiratory 
muscles  or  commonly,  in  this  situation,  by  elective  wash-out  of  COo  to  the 
point  of  respiratory  center  paralysis. 

There  are  many  advantages  of  controlled  respiration.  A  few  of  these  ad- 
vantages and  some  technical  notes  include: 


106 


DWIGHT  E.  HARKEN 


a)  The  work  of  respiration  is  taken  over  by  tlie  machine.  This  conserves 
the  patients"  energ.v  sources  and  reduces  metabolic  deficits. 

b)  Postoperative  discomfort  can  be  more  aggressively  combatted  with 
analgesics  for  there  is  little  concern  over  respiratory  depression. 

c)  Associated  ventilation  with  X2O/O2  mixtures  allow  controlled  analgesia 
and  amnesia.  The  patients'  conscious  level  can  be  titrated  with  X2O.  Oxygen 
levels  of  more  than  lo^c  in  the  ventilating  mixtures  are  to  be  avoided.  Care- 
ful humidification  is  important.  Reaction  to  or  inability  to  tolerate  the  endo- 
tracheal tube  may  require  Thorazine®*  or  PhenerganSt. 

d)  The  endotracheal  tube  allows  improved  tracheobronchial  toilet  and  re- 
duces pulmonary  complications. 

e)  Mechanical  inflation  of  all  areas  of  both  lungs  reduces  intrapulmonary 
vascular  shunts  and  greatly  improves  oxygenation. 

f  I  Mechanical  ventilation  may  compen.sate  for  metabolic  acidosis  by  in- 
ducing respiratory  alkalosis. 

g)  Loss  of  jiulmonan,-  compliance  is  jMcvented  by  frequent  alteration  in 
intrapulmonary  pressures  (intermittent  "sighing"  =  q  15"). 

h)  After  thoracotomy,  bleeding  tendencies  are  less  because  anoxia  and 
vascular  spasm  are  corrected  and  there  is  the  hemostatic  force  of  local  me- 
chanical compression  by  the  inflated  lungs  on  denuded  surfaces. 

It  is  not  only  impossible  but  beyond  the  province  of  this  presentation  to 
attempt  credit  to  the  host  of  workers  including  Engstrom,  Bjork,  Byrd, 
Craaford,  Dammin.  Burnap,  Bennett  and  Emerson  who  have  pioneered 
methods  and  machines  useful  to  these  purposes  of  controlled  respiration.  This 
is  an  area  of  cardinal  importance  that  has  been  given  vital  urgency  by 
heart  surgery.  It  must  now  have  wider  application  in  other  critically  ill  pa- 
tients. The  standard  mechanical  devices  widely  available  are  mostly  sufficient 
when  used  effectively.  It  matters  less  what  is  used  than  how  it  is  used.:}: 

In  closing  we  again  salute  Dr.  Lilienthal  and  you  of  this  great  hospital 
who  so  ably  continue  his  tradition. 

It  gives  me  pleasure  to  think  that  Dr.  Lilienthal  would  have  been  intrigued 
by  new  and  versatile  mechanical  heart  valves:  that  he  would  have  urged 
better  methods  in  the  care  of  the  patients  who  need  valves,  that  he  would 
have  delighted  in  the  evident  inter-disciplinary  synergism  of  these  new  ther- 
apies; finally,  that  he  would  have  applied  these  useful  techniques  to  other 
critically  ill  patients. 

*®  Smith,  Kline  &  French  Lal)oratoripr:.  Philadelphia,  Penn. 

T®  Wyeth  Laboratories,  Philadelphia,  Penn. 

t  These  techniques  were  demonstrated  by  motion  pictures. 


Ultrastructiire  Autoradioj^^raphy  and  Lysosome 
Studies  in  Myocardium 

MYRON  W.  WHEAT,  JR.,  M.D.* 
I  suspect  it  seems  strange  to  most  of  you  to  find  yourselves  listcniu;^;  to  a 
sm-geon  talk  about  the  ultrastructure  of  anythinti.  However,  in  the  o\-erall 
perspective  this  need  not  seem  so  strani2;e.  In  recent  years,  strides  liaxc  heen 
made  in  all  fields  of  medicine,  particularly  in  the  areas  of  surgery  and  .-ur5j;ical 
research.  Nowadays,  it  is  well  accepted  for  surgeons  to  be  engaged  in  research 
using  flow  meters,  computers  and  numerous  other  electronic  devices.  The 
electron  microscope  is  merely  another  electronic  tool.  Since  the  surgeon  is 
basically  an  anatomist,  it  follows  that  we  may  study  anatomy  at  the  most 
basic  morjihological  Wwl  pi-esently  available,  the  ultrastructural  level,  yiy 
discussion  will  fall  into  two  jiarts.  The  first  part  has  to  do  with  the  localiza- 
tion of  digitalis  in  heart  nuiscle  using  ultrastructure  autoradiography.  The 
second  part  concerns  the  lysosomes  in  human  myocardium. 

P.\RT  I.  LOC.\LIZ.\TIOX  OF  DI(;IT.\LIS  IX  MY0C.\RD1UM  BY 
ULTR.\STRrCTrRE  AUTOR.^DIOGRAPHY 

A  problem  that  has  interested  me  has  l)een  the  localization  of  digitalis 
in  heart  muscle.  Several  years  were  spent  attempting  to  localize  digitalis  in 
heart  muscle  by  chemical  methods  11).  This  attempt  was  fruitless  presumably 
because  the  amount  of  digitalis  actually  present  in  the  myocardium  at  any 
one  time  is  so  small  as  to  make  it  difficult  to  detect.  Alore  recently  Caro  (2,  3) 
has  made  possible  the  application  of  the  techniques  of  autoradiography  to 
the  subcellular  level  with  a  resolution  of  the  order  of  0.1  micron.  As  a  result 
of  these  advances,  and  with  the  availability  of  tritiati'd  digoxin,  we  decided 
to  see  if  these  techniques  could  be  combined  to  shed  light  on  the  distribution 
of  digitalis  in  the  heart  nuiscle  of  dogs. 

During  the  past  year,  Dr.  Eugene  Tubbs,  working  with  Dr.  Lamar  Crevasse 
and  me,  carried  out  the  following  studies.  Mongrel  dogs  were  given  an 
intoxicating  dose  of  tritiated  digoxin  over  an  18  hour  period  and  then  sacri- 
ficed. Left  ventricular  samples  were  taken  from  the  beating  heart,  immedi- 
ately immersed  in  liuficred  osmium  tetroxide,  minced  into  approximately 
1  mm  cubes,  and  fixed  for  one  hour.  The  tissue  was  then  dehydrated  in 
alcohol  and  embedded  in  Epon  812. 

It  soon  became  apparent  that  the  concentrations  of  alcohol  used  in  the 
dehydrating  ju-ocess  and  the  period  of  time  that  the  tissue  was  left  in  the 
alcohol  were  very  important.  The  ex])osure  of  the  tissue  for  five  minutes  to  an 
alcohol  concentration  of  80  per  cent  caused  a  significant  loss  of  labeled  material. 
i.e.,  the  concentration  of  labeled  mateiial  removed  was  found  to  be  twice  as 
great  as  that  removed  when  the  tissue  was  left  in  the  alcohol  for  only  30  seconds. 

Lecture  presented  Sf'ijtembor  7.  196.3.  at  The  Mount  Suiai  Ho.spital,  New  Yorlc,  N.Y. 
*  Section  of  Thoracic  and  Cardiovascular  Surfjor>-.  Department  of  Surgerj',  College  of 
Medicine,  University  of  Florida,  Gainesville,  Florida. 
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In  these  experiments,  therefore,  the  muscle  was  dehydrated  in  the  varion- 
strengths  of  alcohol  for  only  30  seconds. 

Following  embedding,  the  tissue  was  sectioned,  mounted  on  parlodion-coated 
nichrome  grids,  and  prepared  for  ultrastructure  autoradiography  by  coating 
the  tissue  with  a  photographic  emulsion.  AVhen  the  photographic  emulsion 
has  been  applied  correctly  to  the  supporting  grids  the  emulsion  consists  of  a 
monolayer  of  silver  bromide  crystals  approximately  0.1  micron  thick  (Fig. 
lA).  After  the  completion  of  the  photographic  process  the  silver  bromide 
crystal  is  no  longer  present.  Instead  a  filament  of  silver  has  developed  which 
begins  from  the  latent  image  (Fig.  IB).  The  silver  filaments  may  assume 


Fic.  1.  A.  Latent  image  which  is  formed  by  coUision  of  a  ^  particle  with  a  crystal  of 
silver  bromide  occurs  during  exposure  time.  With  thin  tissue  sections  and  a  monolayer 
of  silver  bromide  overlying  tissue,  the  chance  of  a  point  source  of  radioactivity  resulting 
in  latent  image  production  is  almost  100%. 

Fig.  1.  B.  After  development  silver  filament  which  has  grown  from  latent  imago  :  - 
mains  over  site  of  radioactivity  (redrawn  after  Caro). 

two  basic  forms  shaped  either  as  a  comma  or  present  in  a  more  comi)licated 
form,  depending  upon  the  type  of  developing  material  utilized  (Fig.  2).  The 
point  source  of  radioactivity  has  been  determined  to  be  at  the  head  in  the 
comma  form,  or  at  the  center  of  the  more  complicated  forms.  The  radioactivity 
present  in  this  particular  tissue  resulted  in  prime  autoradiographs  after  two 
months  of  exposure. 

The  finished  grids  were  viewed  with  an  RCA  EMU  3C  electronmicroscope 
and  photographs  of  the  labeled  tissue  made.  These  were  compared  with 
photographs  of  control  tissue  and  of  grids  containing  no  tissue  treated  in  an 
identical  manner. 

One  hundred  .sections  of  tritiated  digitoxin  labeled  tissue,  each  comprising 
a  100  X  100  micra  area,  had  an  average  number  of  grain  counts  of  28. 
Counts  were  made  in  a  similar  manner  using  nonlabeled  tissue  and  blank 
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grids.  Both  of  thcso  controls  showed  average  counts  well  below  that  of  the 
tissue  labeled  digoxin  (Table  I).  It  should  be  emphasized  that  the  techniiiue 
of  autoradiography  identifies  the  radioactive  isotope  only.  This  niean.<  that 
each  nuclear  track  is  not  necessarily  a  representative  of  digoxin  in  that  partic- 
ular site.  The  amount  of  label  wliich  represents  intact  drug  or  its  breakdown 
products  cannot  be  determined  by  this  technique. 

The  sites  of  isotope  activity  were  then  localized  to  determine  whether  they 


s 

,4 

r 

Fig.  2.  An  electron  micrograph  of  a  portion  of  a  grid  incubated  with  isotope  and  a 
layer  of  photographic  emulsion  but  no  tissue.  The  variously  formed  nuclear  tracks  are 
shown.  Original  magnification  12,750. 

were  primarily  present  over  the  A  band,  Z  line.  H  disc,  I  band,  or  the 
mitochondria.  The  area  occupied  by  the  mitochondria  and  the  sarcomeres 
was  estimated  by  cutting  out  these  structures  from  ten  random  photographs 
and  weighing  the  paper  on  an  analytical  balance.  All  of  the  remaining  portions 
of  these  photographs  were  weighed  as  another  unit.  The  area,  occtipied 
by  the  mitochondria  and  sarcomeres  was  then  expressed  as  a  percentage 
of  total  weight  of  the  photograph  (Table  II) . 

The  results  of  this  study  show  that  in  digitalis  intoxicated  dogs  the 
nuclear  tracks,  and  presumably  the  labeled  digoxin,  are  found  in  the  myo- 
cardial cell  primarily  in  association  with  the  myofibril  (Figs.  3,  4,  o) .  Of  the 
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total  number  of  nuclear  traeks  counted,  77  per  cent  were  found  to  overlie 
the  !?arcomere:>,  18  i)er  cent  to  overlie  the  mitochondria,  and  5  per  cent  to 
overlie  all  other  s^tructures.  The  localization  of  the  label  over  the  sarcomere 
is  meaningful  in  terms  of  the  estimated  total  per  cent  area  of  the  sarcomere 
with  respect  to  other  structures.  Wherea>  ."),")  per  cent  of  the  tissue  area 
studied  was  occupied  by  sarcomeres,  apiiroximately  77  per  cent  of  all  nuclear 
tracks  were  over  sarcomeres.  If  the  distribution  of  these  tracks  were  on  a 
random  basis  only,  one  would  ex])ect  the  number  of  nuclear  tracks  over  a 
structure  to  be  proportional  to  the  area  occupied  by  that  structure. 

A  high  percentage  of  the  label  apjiarently  is  localized  at  the  A  band 
of  the  sarcomere.  As  is  shown  in  Fij^ure  3.  most  of  our  tissue  is  in  the  con- 
tracted state  and  therefore  the  A  l)and  is  the  predominant  area  in  the 
sarcomere.  Localization  of  the  lal)el  over  the  I  band  wo\ild  ])e  impossible 


T.\BLE  I 

H'-Digoxin 

Control  Tissue 

Blank  Grids 

28 

(12-56) 

3 

((M5) 

4 

(2-7) 

Silver  grains  present  in  randomly  selected  sites  10,000  square  inicra  in  area.  Upper  values 
represent  average  number  counted  in  one  hundred  observations.  Lower  values  represenl 
maximum  and  minimal  values.  l'>x])osurc  time  two  months. 

TABLE  II 

Sarcomere 

Mitochondria 

other 

54.6 

24.7 

20.7 

Percentages  of  total  area  of  randdin  |)liiit()f;rai)hs  occu|)i(Ml  by  sarc(im(>r(>s,  mitochondria 
and  other  structures.  The  rcl.itivc  .■irca.'<  were  ol)taiii(-d  by  cuttiii":  out  the  v.-irious  struc- 
tures in  ten  random  photographs,  wcigiiiug  them  and  ex|)r('ssing  the  various  areas  as  a 
percentage  of  the  total  photograph  weight. 


to  determine  with  tissue  in  the  contiacted  state.  Duriiic;  the  ])rogress  of  this 
work,  however.  Smith  and  Fozzard  of  AN'asliintitoii  I'liiversity,  St.  Louis  (4), 
reported  findings  similar  to  ours  using  ultrastructure  autoradiography.  Their 
tis.sue  was  fixed  in  a  relaxed  or  a  stretched  state  with  the  I  bands  visible  and 
their  labels  still  appeared  to  be  localized  to  the  A  band  of  the  sarcomere. 

In  summary,  our  studies  of  the  localization  of  digitalis  in  the  canine  myo- 
cardium using  ultrastructure  autoradiography  suggest  that  digitalis,  or 
at  least  the  radioactive  label,  is  primaiily  locahzed  to  the  sarcomere.  Of 
the  total  number  of  nuclear  tracks  counted,  77  per  cent  were  over  the  sar- 
comeres, whereas  the  sarcomeres  occiipied  only  ")')  per  cent  of  the  tissue 
area. 

I'.XRT  II.  LVSO.SOMKS  IN  Iir.\I.\.\  .M VOC.XRniUM 

Next,  I  wish  to  discuss  our  work  concerning  another  aspect  of  the  myo- 
cardial cell,  the  lysosome.  The  ly.so.some  is  a  small  intracellular  organelle, 
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originally  i)o>tulat('(l  i)y  ilcDiuc  in  19").")  on  the  basis  of  enzyme  studies  of 
rat  liver  (o,  (il.  Sinci'  that  time  tlu'  lysosome  concept  has  advanced  from  a 
biochemical  speculation  (as  oi-i<i;inally  ])r()])osed  hy  deDuvei  to  the  status 
of  a  reasonable  morphological  entity  as  a  lesult  of  many  correlative  stud- 
ies (7-16).  At  the  i)rescnt  time  the  lysosome  may  be  described  as  an  intracellu- 
lar organelle  ai'ound  1  micron  in  diametei-  having  a  relatively  stm-dy  well- 


FlG.  3.  Ult  1  a-i  I  un  iiM  :iii;..i:m1imo|;,|i|i  mi  .1,,^  iii>  >  h;u  dn  mi  >li(i\viiiK  1\vo  couima  shaped 
nuclear  tracks  localized  m  the  A  liaiid  area  of  a  san-oiuoro.  A  hand  =  A;  H  disc  =  H; 
Z  line  =  Z:  niitochondi  la  =  M:  };l,\-coo;on  granules  =  C, ;  nuclear  tracks  =  N.  Original 
magnification  22,500. 

defined  lipoprotein  membrane.  This  limiting  membrane  isolates  within  the 
lysosome  approximately  twelve  liydrolytic  enzymes.  The  function  of  the  lyso- 
some has  been  envisioned  as  that  of  an  intracellular  gastrointestinal  tract. 
The  acid  hydrolases  are  utilized  to  break  down  materials  taken  into  the 
lysosome.  These  breakdown  i)roducts  may  then  be  utilized  l)y  the  cell  as  a 
whole.  The  lysosome  has  a  second  function  and  acts  as  a  scavenger,  engulfing 
and  presmnably  digesting  intracellular  del)ris.  This  i-emo\  al  of  the  debris  from 
within  the  cell  matrix  contril)utes  significantly  to  overall  intracellular  integrity. 
The  presence  of  the  hydi'olytic  enzyme,  acid  phosphatase,  in  tlie  lysosome 
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has  been  utilized  to  identify  these  morpliologic  structures  by  cytochemical 
means.  Thus  acid  phosphatase  has  been  used  as  a  biological  tracer.  Its 
demonstration,  utilizing  modifications  of  the  Gomori  technique,  has  been  ac- 
cepted as  evidence  that  the  organelle  in  question  fits  the  current  concept  of 
the  lysosome  (12). 

During  the  past  four  years  at  open  heart  surgery  I  have  taken  several  square 
millimeter  samples  of  tissue  from  the  edge  of  a  right  atrial  incision.  This 
minor  procedure  adds  nothing  to  the  operation.  Thirty  seconds  after  removal, 


Fig.  4.  Ultras  I  met  ure  autoradiograph  enlarged  from  original  magnification  22,500  (Fig. 
to  112,500.  The  two  oomma  shaped  nuclear  tracks  (N)  are  clearly  .«ho\vn  in  close  associati 
with  the  H  disc  area  (H)  of  the  A  band  of  the  sarcomere. 

the  heart  muscle  was  placed  in  osmic  acid  and  diced  into  1  millimeter  cub 
These  cubes  were  fixed  in  osmic  acid  (17)  and  embedded  in  methacrylate 
Epon  812.  Sections  were  cut  using  glass  knives  and  a  Servall  Porter-Blum 
crotome,  and  viewed  in  an  RCA  EMU  3C  electron  microscope.  No  addition 
.staining  other  than  that  produced  by  the  osmium  tetroxide  was  utilized. 

It  soon  became  ajiparent  to  me  that  there  were  certain  dense  bodies 
the   myocardial   cells   which   were   very   siniliai-,   morphologically,   to  t 
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I     inn  autoia(liogra]ih  showing  nuclear  tracks  o\  ^  i  A  IhukI  ;im  a  uf  myofibrils. 
,    .-  in  rlijio  association  with  a  Z  line  while  two  oth(  i  iiai  k-  ai(   m  ihe  A  band 
riii_  -ih  er  ciystals  here  are  more  filament  like  in  appearances.  Z  line  —  Z;  .secondary 
lid  =  A;  mitochondria  =  M;  nuclear  track  =  N.  Original  magnification  11,000. 


ii-.inelles  previou.<ly  de.'^ignated  in  other  tissues  as  lysosomes  (pinosome, 
I'liagosome,  cytosome.  dense  body)  (12).  The  myocardial  lysosomes  (Fig.  6) 
iiv  most  commonly  round  or  oval,  having  an  average  diameter  of  approxi- 
mately 0.5  to  1.5  microns.  They  are  bounded  by  a  unit  membrane  and  con- 
ain  an  overall  globular  or  coarsely  granular,  moderately  dense  osmiophilic 
iiarcrial  surroimding  one  or  more  irregular  less  dense  areas.  The  less  dense 
ii'i  as  are  freciuently  located  near  the  center  of  the  lysosome.  In  addition, 
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Vu:.  6.  An  dcctron  iiiiciogiai)h  of  righi  atrial  iiuisclc  fioiii  a  40  voar  old  wliitc  fciiiale 
with  mitral  stenosis  showing  characteristic  myocardial  lysosomos.  Lysosomos  =  L;  less 
dense  area  =  LDA :  large  globules  —  LG ;  mitochondria  =  M  ;  unit  membrane  =  I'M. 
Stainetl  with  VOSO,  X  30  minutes.  Original  magnification  19,700. 


there  are  hivgi'  gloijulcs,  faintly  osiiiioijliilic  whicli  arc  houiidccl  l)y  a  definite 
membrane.  These  globules  vary  in  nuniljer.s  and  size  within  the  lysosome 
and  are  frequently  adjacent  to  the  outer  wall  of  the  main  body  of  the  lysosome. 
Although  these  lysosomes  are  very  commonly  located  near  the  nuclear 
poles  of  the  myocardial  cell,  they  are  fre(|uently  foimd  with  no  apparent  re- 
lationship to  the  nuclei.  They  may  l)e  found  along  the  sides  of  nuclei,  in 
distant  portions  of  the  .sarcoplasiii  Ijctwccn  myofiijrils.  oi'  disbursed  among 
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tlic  mitochondria  (Fig.  7l.  The  appearance  of  these  organelles  was  so 
strikingly  similar  to  many  of  the  lysosomes  |)revioiisly  described  in  the 
literature  that  I  felt  that  they  must  be  lysosomes.  The  next  step  was  to  see 
if  we  could  demonstrate  the  presence  of  acid  phosjjhatase  in  the  organelles 
in  question. 

Using  a  modified  (IdiiiMii  tn  lnni |uc  i18.  19)  heart  muscle  was  prepared 


Fig.  7.  An  olo.-t i . .n  ,„i.  ,,,m        ,.i  iifiht  ainal  iiiUM'lf  fiom  a  21  \.  ar  old  white  female 

with  mitral      la.-i-  I ,\  ~( iim -  are  .<lio\vn  at  a  nurlear  pole  Li  and  ai>  iri>|ii  i  ~(Ml  among 

mitochondria  ami  inx  ntilM  il-  without  relation  to  a  nucleus  =  Ll' .  J.y-D-mm  -  -  Li  .  L2  ; 
nucleus  =  X;  nuchohi,-  —  Xi.  :  mitochondria  =  M  ;  myofibril  contract c  ii  -  Mti  ;  myofibril 
relatively  relaxed  =  Mi-  ;  sarcolemma  =  SL;  intercolated  disk  =  ID.  Original  magnification 
11,300. 
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Fig.  8.  An  electron  micrograph  of  right  atnal  muscle  from  a  40  year  old  "h't^  .emale 
with  mitral  stenosis.  Tissue  fixed  in  formaldehyde,  stamed  with  modified  Gomo  i  (18, 
^9)  oX.  feSomes  .showing  precipitated  lead  =  L;  myofibrils  =  Mf;  mitochondria  - 
M.  Original  magnification  4.100. 

and  studied  to  sec  if  acid  phosphatase  could  l)e  identified  by  tlie  precii)itation 
of  lead  in  the  organelles.  The  organelles  shown  in  Figures  8  and  9  are  simi- 
lar to  the  nivocardial  lyso.somes  in  Figure  6.  These  organelles  (Figs.  8  and  9i 
do  contain  precipitated  lead.  Therefore,  presumably,  they  contain  acid  i)hos- 
phatase  and  fit  into  the  current  concept  of  the  lysosome. 

While  looking  at  large  numbers  of  heart  tissue  samples,  it  soon 
apparent  that  some  myocardial  cells  contained  more  lyso.somes  than  others. 


became 
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Fig.  9.  An  electron  micrograph  of  right  atrial  muscle.  40  year  old  white  female  with 
mitral  stenosis.  Fixed  formaldehyde.  Gomori  (18,  19)  stain  only.  Lysosomes  with  precipi- 
tated lead  (L)  are  shown  lying  in  a  characteristic  position  near  a  nuclear  (X)  pole.  Mito- 
chondria =  M;  myofibril  =  Mf.  Original  magnification  8.100. 


Initially  I  felt  that  I  cotild  almost  identify  a  particular  heart  tissue  as  be- 
longing to  a  patient  with  mitral  stenosis  because  of  the  relatively  large  num- 
ber of  lysosomes  contained  in  the  right  atrial  section.  Also,  many  times,  these 
lysosomes  in  patients  with  mitral  stenosis  appeared  to  be  what  might  be 
called  giant  lysosomes  because  of  their  large  size  when  compared  to  those 
foimd  in  other  heart  tissue.  Furthermore,  while  looking  at  tissue  from  younger 
patients  with  congenital  heart  disease,  it  also  became  apparent  that  younger 


118 


MYRON  W.  WHEAT.  JR. 


patients  generally  had  fewer  myocardial  ly.^osonies  than  older  patients  or 
those  with  long-standing  severe  heart  disease.  As  a  result  lysosonie  counts 
were  performed  in  various  categories  of  i)atients  with  lu'art  disease  to  see 
if  there  was  any  correlation  between  the  severity  of  the  heart  disease  and 
the  number  of  lysosomcs  present  in  the  myocardium. 

The  immediate  problem  encountered  in  trying  to  correlate  this  material  was 
to  de])ict  the  degi'ce  of  the  se\-ei'ity  of  the  heart  disease  as  a  numl)er  easily 
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Pulmonary  Index  -  Liters  of  Blood  /  Min.  ItA^  Body  Surface 

Fig.  10.  Graph  showing  the  increase  in  the  number  of  Ij'sosomes  in  the  right  atrial 
muscle  cells  relative  19  the  severity  of  the  atrial  septal  defect  as  measured  by  the  pulmonary 
inde.\  or  degree  of  right  ventricular  hypertension.  Each  dot  represents  one  patient  and 
the  number  the  patient's  age.  Dots  number  9  and  50  represent  the  two  patients  with  right 
ventricular  hj'pertension. 


used  on  a  gia])!).  This  was  done  in  an  arbitrary  manner.  In  a  grouj)  of 
patients  with  atrial  septal  defects  of  the  foramen  ovale  tyi)e  the  pulmonary 
index  has  been  used  as  a  measure  of  the  severity  of  the  heart  disease.  Thus, 
in  four  patients  with  atrial  septal  defects  without  pulmonary  artery  hyper- 
tension, the  pulmonary  index  (liters  of  pulmonary  blood  flow  per  minute 
per  square  meter  of  body  surface  area)  has  been  used  as  a  measure  of  the 
severity  of  the  atrial  septal  defect.  There  were  two  additional  patients  in 
this  series  who  had  an  elevated  right  ventricular  pressure  or  pulmonary 
artery  pressure.  In  these  two  jjatients  the  highest  pulmonary  artery  oi-  right 
ventricular  pressure  fin  millimeters  of  Hg)  was  utilized  as  an  index  to  the 
severity  of  the  lieart  di.<ease. 


STrniKS  IX  MVOCAKDU  M 


119 


If  the  pulmonary  index  or  tlic  niaxiniuni  rij^ht  heart  ])ressurc  is  plotted 
against  thi'  muulx'r  of  myocardial  lysosonies  i)er  hundred  s(|uarc  niicions, 
there  is  an  almost  linear  inci'ease  in  the  number  of  lysosomes  (l''i<;.  lOi  Thu-, 
it  appears  from  this  material,  tiiat  the  more  severe  the  atrial  septal  defect, 
the  more  lysosomes  present  in  the  individual  myocardial  cell  of  the  right 
atrium.  Note  that  this  is  not  just  another  way  of  sh()\vin<j;  that  the  number 
of  lysosomes  increase  with  age.  One  of  our  highest  lysosomc  counts  (112/100 
square  microns)  was  obtained  in  a  ]iatient  only  14  years  old.  Her  ])ulmonary 
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Functional  Capacity 

Fig.  11.  Graph  showing  the  increase  in  the  number  of  lysosomes  in  the  right  atrial 
muscle  cells  of  patients  with  mitral  stenosis  iT'lati\<'  in  tlic  si'\  i'rit\-  of  the  heait  disease  .-is 
measured  by  the  functional  capacity.  I'"..-ich  ddi  k  pn  ~t  nt-  mw  |i;iti(  iit  and  tiie  niiiiiln  r  tlic 
patient's  age.  The  two  dots  direcil\-  on  ilie  Ihk  .ik   iiaiu  iit-  wnliout  known  iic.-iii  diM  as.-. 

index  (21  L  min  /NI-)  is  one  of  the  largest  left-to-right  shunts  recorded  by 
our  group.  This  is  a  much  higher  lysosome  count  than  was  recorded  in  two 
older  patients  (30  and  39  years)  who  had  smaller  L      R  shunts  (Fig.  10) . 

The  next  series  of  patients  which  we  studied  wei-e  those  with  mitral 
stenosis.  Here,  as  a  measurt'  of  the  severity  of  the  hetii't  disease,  I  have  used 
the  functional  capacity  (Class  I-I\')  as  described  by  the  Xew  York  Heart 
Association.  In  doing  this,  one  of  our  cardiologists  graded  each  ])atient's  func- 
tional class  without  knowledge  of  the  lysosome  counts.  The  ftinctional  class 
was  then  plotted  against  the  number  of  lysosomes  100  sciuare  microns  (Fig. 
11).  The  limited  data  do  not  allow  any  positive  statement,  but  again  there 
is  the  definite  suggestion  that  an  increasing  severity  of  heart  disease  is  corre- 
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lattnl  with  an  increa:?e  of  lysosome;?  in  the  myocardium.  Tlie  two  points 
shown  directly  on  the  line  are  two  cases  (6  months  and  62  years!  without 
heart  disease  in  whom  right  atrial  sections  and  lysosome  counts  were  done. 
There  were  essentially  no  lysosomes  found  in  the  patient  6  months  of  an 
whereas  the  patient  aged  62  years  with  no  heart  disease  showed  a  definr 
increase  in  the  number  of  lysosomes.  Still,  the  number  of  lysosomes  was  nut 
as  great  as  found  in  patients  that  age  or  younger  with  heart  disease. 

As  to  what  this  means.  I  assure  you.  I  do  not  know  at  the  present  time. 
Several  interesting  speculations  can  be  made.  First  of  all,  we  have  shown 
that  lysosomes  are  present  in  significant  numbers  in  human  heart  muscle, 
just  as  they  are  present  in  most  of  the  other  animal  cells  that  have  been 
studied.  These  organelles  are  lysosomes  according  to  the  present  day  concept 
because  they  are  mor]ihologically  similar  to  those  described  in  other  tissues 
and  because  they  contain  acid  phosphatase.  Finally,  although  the  significance 
is  certainly  not  known,  it  appears  that  lysosomes  increase  in  number  in  the 
right  atrial  tissue  of  patients  with  heart  disease  and  that  this  increase  in  num- 
ber correlates  directly  with  the  severity  of  the  disease.  If  these  organelles  are 
truly  the  scavengers  of  the  cell,  maintaining  the  integrity  of  the  cell  Ijy 
removing  debris,  then  the  increased  number  of  lysosomes  present  in  individ- 
uals with  heart  disease  may  mean  that  more  work  has  to  be  done  in  the 
muscle  cell  undergoing  stress  as  a  re.sult  of  congenital  and  acquired  heart 
disease. 
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Coiisiderationsi  in  the  Surgical  Treat iiieiil  of 
Transposition  of  the  (ireat  Vessels 

,)AMKS  A.  HKL.MSWORTH,  M.l).* 

Trans])o>iti()n  of  thr  ti;iTat  ^•('ss^'ls  must  he  defined  before  it  is  discussed 
in  detail  heeause  of  the  variety  of  anomalies  which  may  l)e  associated  with  it. 
Some  authors  inchide  them,  and  the  resultinu;  combinations  j.^ive  many  var- 
iants in  the  transpo>ition  complex.  Lev  has  iiivcu  a  useful  list  which  simpli- 
fies this  matter  and  should  t)e  lefei-red  to  in  (piestions  of  associated  anomalies 
wliich  may  be  encountered  with  transposition  111.  We  limit  the  term  "trans- 
positictn"  to  hearts  that  lun'e  two  venti'icles  with  aorta  and  coronary  artery 
bi'anciies  oritiinatin^  from  the  right  xcntiicle  and  pulmonary  ai'tei'y  from  the 
left.  The  relations  of  \-ena  cavas  and  |)ulnionai'y  veins  to  the  heart  are 
normal.  Also,  the  tricuspid  and  miti'al  valves  open  normally  and  ai'e  found  in 
the  ri^ht  and  left  \-entrioles,  respectively. 

The  i'elati\'e  imi)()i-tance  of  tranposition  of  the  great  vessels  within  the 
^i-ouj)  of  congenital  coi'diovascular  mal I'oi'inat ions  has  been  stressed  in  several 
rejjorts.  The  clinical  course  and  usual  dismal  |)ro<inosis  have  been  clearly 
outlined  also.  We  will  not  desci'ibe  them.  I>\U  lallier  will  i-e\-iew  anatomic 
and  ])liysiol()ij;ic  features  of  im|)ortance  in  selection  of  ti'ans|)osition  |)atients 
foi-  o|)ei'ation.  I']mpliasis  will  also  be  ti;i^•en  to  ])oints  which  influence  choice 
of  opei'ation  foi-  individual  cases. 

The  i)rincipal  anatomical  features  of  intei-est  in  consideration  of  ojx'ra- 
tions  for  i)alliation  oi'  cui'e  of  the  anomaly  ai-e,  fii'st  of  all,  some  extracai'diac 
details.  The  aorta  lies  in  fi-ont  of  and.  in  the  majoi'ity  of  cases,  >lightly  to  the 
riglit  of  the  jnilmonai'y  ailery;  the  \-ah-es  at  the  origins  of  these  two  \-essels  arc 
on  the  same  hoi'izontal  plane  l2).  It  is  convenient,  \-iewing  the  base  of  the  heart 
fi'om  the  front  with  it  in  situ,  to  name  the  aoi'tic  sinuses,  right,  left,  and  postc- 
I'ioi-.  The  liglit  coronai'y  aiteiy  oi'iginates  in  the  ])()steiior  >inus,  and  the  left 
artery  in  the  left  sinus.  The  ductus  artei-iosus  is  patent^  in  at  least  half  the  cases, 
and  an  .Moi'tic  >e|)tal  defect  is  anothei'  |)()ssibility  but  it  is  a  x'ei'V  rare  occurrence. 
Im|ioi  taiit  features  of  inti-acai'diac  anatomy  ai'e  summai  ized  as  follows.  Commu- 
nication of  atria  thiough  theii'  septum  is  present  in  virtually  all  cases.  In  only 
about  one-half  of  them,  howevei-,  is  there  a  true  defect  in  the  fossa  ovalis.  Forma- 
tion of  the  venti-iculai-  septum  has  been  studied  in  consideiable  detail,  and  defects 
in  it  have  be(  ii  found  in  at  least  30  per  cent  of  specimens  or  moic,  depending  upon 
the  criteria  for  inclusion  of  cases  in  the  ti-ansposition  category  (1,  2).  The  de- 
fects ai-e  located  at  the  base  in  most  instances  and  only  rarely  are  found  in 
the  septum  closer  to  the  apex.  Elliott's  rejjort  also  noted  the  occurrence  of  a 

]jv\mc  liicseiil.'.l  .•^cpU  inlK  i-  21,  al  The  Mount  Siii,-ii  HospiUil,  New  ^'ork,  N.^'. 

*  Kroiii  tlic  Df'ijarliiiciil  of  Siirgci^-,  fnix  ii.-^il  \-  of  Cincimiati  College  of  Medicine  and 
I  lie  Cini-innati  (Jenenil  Hospital,  C'inciiin.il  i,  Ohio.  Thi.s  research  was  .su|)])orto(l  by  V.  S. 
Public  Health  Grant  No.  HE-04869  and  llic  Ohio  Slate  Heart  Association  Grant  No.  57!»- 
3732. 
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small  nuinher  of  left  ventricular-ri^lit  atrial  connminications  in  tlicii'  se- 
ries. Clefts  in  the  septal  leaflet  of  the  tricuspid  valve  have  i)een  ohsci'ved 
as  well.  The  last  comment  on  intracardiac  anatomy  concei'ns  the  venti'icular 
outlets.  There  is,  in  a  small  pro])ortion  of  the  cases,  obstruction  to  flow 
into  the  aorta  due  to  hypertrophy  of  the  crista  supraventricularis.  Aortic 
valvular  stenosis,  however,  has  not  i)een  encountered,  though  a  l)icuspid  valve 
lias  been  seen  in  a  small  nmni)er  of  instances.  Subvalvular  sti'uosis  is  also 
encountered  in  the  left  \-entricle  and  obstruction  at  the  ])u]m<)nary  valve  is 
an  associated  malformation  which  is  not  rare. 

The  course  of  the  circulation  varies  considei-ably  in  patients  with  ti'ans- 
position  depending  primarily  u]ion  associated  cal■dio^■as(•ulal■  malformations 
and  the  development  of  aiteriolar  narrowin>2;  in  pulmonary  \ascular  bed. 
Patients  with  small  communications  at  the  atrial  level  and  with  intact  ven- 
tricular septum  have  virtual  scjiai'ation  of  the  systennc  fi'om  the  pulmonary 
circulation.  Their  intra-uterine  life  is  affecte(l  vci-y  little,  however,  because 
of  the  resistance  to  flow  through  the  unexpanded  hmgs  and  patency  of  the 
ductus.  Expansion  of  the  lungs  after  birth  and  reduction  of  re>i-tancc  in  the 
pulmonary  bed  results  in  flow  from  aorta  tlirough  ductus  into  the  ])uliii(inary 
artery.  The  course  theri'after  is  an  isolated  circuit  thi'ougli  the  capillaries 
and  pulmonary  ^■eins.  into  the  chambers  of  the  left  heart,  and  out  the  pul- 
monary artery.  Flow  from  the  aorta  through  ductus  into  the  pulmonai-y  artery 
leads  to  elevation  of  j)ressure  in  it  and  the  left  ventricle  and,  e\-entually,  pul- 
monary hypertension  with  absence  of  gradient  bt'tween  aorta  and  jnil- 
monary  artery.  Marked  elevation  of  pulmonary  ai  tery  pressmc  may  excn  re- 
verse the  shunt  through  the  ductus.  Flow  away  from  the  pidmonary  circuit 
through  the  ductus  leads  to  increased  venous  return  to  the  i-ight  atiium. 
This,  in  turn,  through  elevation  of  right  atrial  pressure  may  lead  to  shunting 
into  the  left  atrium  through  the  foramen  ovale.  The  effect  of  this  is  to  increase 
the  flow  through  the  left  heart  and  pulmonary  artery,  and  so  perpetuate  the 
shunt  through  ductus  into  aorta.  There  is  admixture  of  blood  fi'om  the  sys- 
temic and  pulmonary  circuits  by  this  mechanism  while  ductus  and  foramen 
ovale  remain  open.  Their  closure  results  in  death  of  the  infant  within  a 
period  of  weeks.  Conversely,  a  gross  defect  in  the  atrial  septum  permits  free 
admixture  of  blood  from  the  two  circuits;  this  theoretical  ad\antage  to 
patients  has  been  borne  out  by  clinical  obseivation  (3l.  As  suggested  in  the 
discussion  so  far,  jiathways  which  allow  admixture  of  blood  between  the  two 
circuits  are  of  crucial  importance  to  the  life  of  the  patient  with  ti-ansposi- 
tion.  Ventricular  sejital  defects  permit  the  streams  of  the  two  circuits  to 
cross  to  some  extent.  Yet  it  is  imi)ossible  to  jjredict  accm-ately  the  effect  upon 
hemodynamics  in  every  case.  There  is  ample  confirmation  that  a- left-right 
shunt  at  ventricular  level  and  pulmonary  stenosis  is  a  combination  with 
relatively  good  life  expectancy.  Defects  which  permit  shunting  at  the  ventric- 
ular level  may  result,  as  Xoonan  has  shown,  in  excessi\-t'  jiulmonary  blood 
flow  (4).  Congestive  heart  failure  with  early  death  is  the  result  of  this  hemo- 
dynamic pattern.  Development  of  jiulmonary  vascular  ol)struction  is  seen  in 
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a  considrrahle  i)roportion  of  jKiticnts  with  vcntriculai-  t^eptal  defects.  The 
shunt  in  these  cases  may  be  in  both  directions  at  tlie  ventricuhir  level.  How- 
ever, it  is  right-left  at  the  atrial  level  as  pulmonary  blood  flow  decreases 
due  to  progressive  changes  in  the  vessels  of  the  lung. 

Detailed  discussion  of  the  clinical  picture  presented  by  patients  with  trans- 
position is  outside  the  scope  of  this  rei)oit.  The  imi)ortant  points,  however, 
should  be  reviewed  briefly.  Cyanosis  is  striking,  as  a  rule,  but  varies  indirectly 
with  degree  of  interchange  of  blood  between  systemic  and  pulmonary  cir- 
cuits. Therefore,  it  is  possil)le  during  the  neonatal  i)eriod,  at  least,  for  some 
patients  to  have  relatively  good  color.  Development  of  polycythemia  and 
clubbing  are  associated  with  this  sign.  Difficulty  with  fcciliiig  is  outstanding 
in  the  majority  of  cases;  weight  gain  and  bodily  de^•(■l()pnu■llt  are  subnormal. 
Respirations  are  almonnally  fast,  as  a  inile,  and  after  a  few  months  of  life, 
increase  in  anti'i-o-post^-ritjr  diameter  of  the  chest  is  apparent.  There  arc  no 
diagnostic  signs  from  tlu'  caidiovascular  system.  Thrills  over  the  precor- 
dium  and  murmm's  have  limited  \ahu'.  The  second  sound  at  the  base  at  the 
left  of  the  stei'num  is  abnormally  loud  because  of  proximity  of  the  trans- 
])osed  aorta.  C'ong(sti\('  failure  is  conunon,  and  wdth  this  develop  the  signs 
of  jnilmonai'y  congestion  (imless  tliei'e  is  associated  jnilmonic  stenosis),  en- 
gorgement of  the  liver,  and  i)eri|)heral  edema. 

Fui-thei-  investigation  with  elect i-ocardiograi)hy,  routine  x-rays,  cardiac 
catheterization,  and  angi(icai(li()gra|)hy  is  re([uire(l  to  establish  the  diagnosis. 
Right  axis  deviation  and  right  \-entriculai-  liyperti'ophy  shown  by  the  precor- 
dial leads  are  the  pattern  often  described  as  characteristic  of  trans])osition. 
Recently,  however,  Elliott's  analysis  of  a  group  of  i)atients  showed  that 
electrocardiographic  cxidcnce  of  l)i\-entricular  hypertrophy  was  found  in 
patients  who  had  eitliei-  a  huge  patent  ductus  or  a  large  ventricular  septal 
defect  in  association  with  transposition  (5).  Chest  x-rays  have  considerable 
diagnostic  value  because  of  demonstration  of  the  following  points.  The  size 
of  the  heart  is  normal  at  birth,  but  the  majority  of  cases  show  striking  en- 
largement within  a  few  months.  There  is  usually  a  concavity  in  the  u])per 
border  of  the  silhouette  left  of  the  sternum.  The  shadow  of  the  great 
vessels  is  narrow  when  viewed  from  the  front  and  I'elatively  wide  when 
viewed  from  the  left  anterior  obliciue.  I*'inally,  and  of  considerable  importance, 
are  the  vascular  mai-kings  in  the  lung  fields.  They  ai'c  noiinal  oi'  slightly 
increased  during  infancy  and  become  progressively  more  prominent  in 
childhood.  Cardiac  catheterization  demonstrates  systemic  pressure  in  the 
right  ventricle  and  absence  of  systolic  gradient  between  the  chamber  and 
the  aorta.  The  pulmonary  artery  is  entered  in  a  high  proi)ortion  of  cases 
with  ventricular  septal  defect,  and  blood  sam])les  taken  thei'e  have  a  higher 
oxygen  content  than  tho.se  taken  from  the  aorta.  In  addition,  mdess  there  is 
|)ulmonic  stenosis,  there  is  some  degree  of  pulmonary  hypertension  in  every 
case.  Angiocardiograms  made  in  lateral  view  will  establish  the  diagnosis  l)y 
opacification  of  the  right  ventricle  and  its  outflow  into  the  aorta  which  occu- 
j)ies  a  grossly  abnormal  anteiior  jjosition. 
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There  arc  at  lea^t  three  other  oon(htions  to  be  eliminated  wlien  consider- 
ing the  diagnosis  of  transposition.  The  first  is  tetralogy  of  Fallot.  Chest 
x-rays  show  increased  pulmonary  vascularity  with  transposition  in  contrast 
with  decreased  vascularity  with  tetralogy.  Further,  the  heart  enlarges  ])rogres- 
sively  with  transposition,  but  remains  relatively  small  in  cases  of  tetralogy. 
It  must  be  added,  however,  that  differentiation  of  trans])osition  with 
jmlmonic  stenosis  from  tetralogy  may  l)e  imi)ossil)]e  without  satisfactory  an- 
giocardiograms. The  second  condition  of  imi)ortance  in  the  differential  diag- 
nosis is  truncus  arteriosus.  Enlargement  of  the  heart  is  cluu actciistic  of  this 
condition  as  well  as  transposition.  Prominence  of  the  aortic  knob  distin- 
guishes truncus,  however.  Patients  who  survive  to  childhood  have  a  continuous 
murmur  if  truncus  is  present,  but  this  sign  does  not  develop  if  the  malforma- 
tion is  transposition.  Pulmonary  stenosis  is  the  third  condition  to  be  distin- 
guished from  transposition.  Infants  with  this  deformity  may  have  congestive 
failure  in  the  neonatal  period  and  cyanosis  may  be  present  due  to  right-left 
shunting  through  the  foramen  ovale.  The  picture  of  a  baby  with  pulmonic 
stenosis  is  different,  however,  because  the  second  sound  at  the  base, 
left  of  the  sternum,  is  weak  or  absent.  His  course  under  treatment  with  digi- 
talis is  better,  cyanosis  diminishes,  and  chest  x-rays  eventually  show  fullness 
of  the  pulmonary  conus  due  to  post-stenotic  dilatation.  These  changes  do 
not  take  place,  or  are  much  less  striking  with  transposition. 

Results  of  surgical  treatment  of  transposition  of  the  great  vessels  are 
acceptable  if  viewed  with  jiroper  reference  to  the  complexity  of  the  mal- 
formation and  the  natural  course  of  untreated  jnitients.  Our  pvupose  in  this 
report  is  to  describe  long-term  effects  of  one  type  of  ])alliativi'  operation  on 
two  patients,  and  to  summarize  results  of  a  second  tyjte  of  palliative  pro- 
cedure in  four  patients  with  a  two-year  follow-u]).  ^^'e  are  unal)le  to  draw 
conclusions  about  the  relative  merits  of  all  palliative  operations  under  trial 
at  present;  the  Baffes  (6 1  procedure,  for  example,  has  given  excellent  results 
but  we  have  had  no  exjierience  with  it.  Valuable  comjiarisons  of  this  type 
must  be  made  in  the  future  from  a  large  number  of  cases  in  which  there 
is  accurate  classification  according  to  anatomical  \ariants  and  their  effect 
upon  hemodynamics.  It  is  our  ]nu-i)ose  in  thi>  report  also  to  describe  the 
case  of  a  10  week  old  bal)y  who  was  cured  with  a  Penning  operation. 

EXCISIOX  OF  THE  ATRIAL  SEPTUM  AXD  COXSTRICTIOX  OF  THE  PULMONARY  ARTERY 

There  have  been  numerous  suggestions  in  surgical  literature,  since  original 
publication  of  Blalock  and  Hanlon  (7 1,  that  creation  of  an  atrial  sejital  de- 
fect would  give  palliation  for  transposition  patients,  ^^'e  belie^•ed  that  those 
in  the  transposition  group  who  had  ventriculai'  septal  defect  without  other 
associated  deformity  might  benefit  more  if,  in  addition  to  creation  of  an 
atrial  defect,  there  was  jM-oduced  obstruction  to  the  outflow  of  the  left 
ventricle.  Our  hypothesis  was  that  as  resistance  was  increased  to  flow  from 
the  left  ventricle  into  the  jiulmonary  artery,  a  larger  volume  of  l)lood  would 
shunt  through  the  ventricular  septal  defect  into  the  aorta.  Muller  and  Dam- 
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man  (8).  in  1952.  had  rci)()rti'(l  the  value  of  suri;ical  pulmonary  stenosis  in 
reduction  of  ])ulmonary  hypertension.  ^^'(•  applii'd  tlu'ir  idea  failing  to  appre- 
ciate its  value  for  pI•e^■ention  of  the  effects  of  pulmonary  eni^ortiement  and 
believing  its  main  inHui'nce  would  he  on  the  shunt  at  the  ventricular  level 
as  mentioned. 

A  synopsis  is  given  from  the  records  of  two  patients  on  whom  we  ha\'e  the 
longest  postoperative  observation. 

E.J.McE..  Children's  Hospital  No.  90858,  was  ^•(■ry  cyanotic  in  his  first  two 
years  and  growth  was  retarded.  Electrocarditjgi'am  >how(  d  right  \-entricular 
hyi)ertrophy.  X-i'ays  demon.strated  cardiac  enhiigemcnt  and  incieased  pul- 
monary vascularity.  An  angiocardiogram  pi()\-e(l  t ran>po>ition  and  ventric- 
ular septal  defect.  In  July  1954.  a  large  ])art  of  the  atiial  septum  was  excised 
under  direct  vision  during  hyi)othei-mia  and  inflow  occlusion,  and  the  greatly 
dilated  pulmonary  artery  was  constricted  to  a  diametei-  of  8  nun  with  a  silk 
ligatiu'e.  Imi)roA-emt'nt  was  a]t|)areiU  within  a  few  months.  l'>valuation  nine 
years  after  ojjeration,  at  this  wi-iting,  showed  that  hv  was  mildly  cyanotic 
and  had  fair  exercise  cai)acity.  He  was  at  the  75th  percentile  for  height  and 
25th  for  weight.  Hemoglobin  was  18.7  Cr'^  and  hematocrit  was  55%.  ^Moderate 
cardiac  enlargement  pei-siste(|.  .-is  well  as  piominence  of  the  vascular  mark- 
ings in  the  lungs.  The  elect locaidiogram  >howed  P  miti'ale,  first  degree 
heart  block,  and  right  ventricular  hypertrophy.  A  shunt  thi'ougli  the  atrial 
defect  was  i)roved  l)y  catheterization  and  theri'  was  mai  ked  jiulmonic  stenosis. 

R.  C.  S.,  Children's  Hos])ital  No.  94043,  had  cyanosis  and  ia])id  respiiations 
shortly  after  l)ii-th.  Klectrocardid^iaiii  showed  i-ight  ventincular  hypertrophy. 
Heart  size  was  noi'mal,  hut  pulmonary  vascularity  was  increased.  An  angio- 
cardiogram established  the  diagnosis  of  trans] )o.--ition.  Congestive  failure 
developed,  and  at  nine  months  he  was  cachectic  and  barely  al)le  to  move. 
In  Fei)ruary  1955,  i)art  of  the  atrial  septum  was  excised  under  direct 
vision  with  hypothermia  and  inflow  occlusion  and  the  tense  ])ulmonary 
artery  was  constricted  to  a  iliameter  of  seven  umi  with  braided  silk  ligatures. 
Right  hemii)aresis  develo])ed  on  the  ninth  |)osto|)eiative  day.  Evaluation 
eight  and  one-half  years  after  ojjeration  showed  considerable  impioNcment, 
but  he  was  still  moderately  cyanotic.  .Mental  retardation  and  residual 
effects  of  hemiparesis  restiicted  him  considerably.  He  was  below  the  third 
percentile  in  both  height  and  weight.  The  hemoglobin  was  20.5  Gm%  and 
hematocrit  74%.  There  was  modei-ate  cardiac  enlai'gement  and  som(>  i)romi- 
ncnce  of  pulmonary  vascular  markings.  The  electrocaiiliogi  am  showed  mai'ked 
right  ventricular  liypertroi)hy.  Angiocardiography  demonstiafed  a  huge  atrial 
septal  defect,  a  ventricular  .septal  defect,  transposition  and  |)ulmoiiic  stenosis. 

The  results  of  cardiac  catheterization  are  given  in  Table  I. 

There  are  several  points  to  be  considereil  in  evaluation  of  this  foiin 
of  operative  treatment.  First,  om-  total  expeiieiice  is  compiised  of  ten 
cases  with  seven  death>  in  the  gi'oup.  \\'e  l)elie\'e  impi-()\-ed  selection  of 
patients  and  better  control  of  technical  factois  in  the  operation  will  '-eiluce 
this  high  mortality  rate  to  an  acceptal)le  le\-el.  Second,  the  clinical  impi-o\(  - 
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mcnt  ol)taiiU'(l  has  hccn  j^ood  ciiou^li  to  waiTunt  fui'ther  trial  of  the  opera- 
tion. In  this  connection,  i-et'erence  should  he  made  to  Toole's  (9i  expei'ience 
with  the  simpler  ojiei-ation  of  ci-eation  of  atrial  septal  defect.  \\v  heliexc  thai 
although  the  general  result  has  been  i^ood  in  only  one  ( Iv  Mci'].l  of  our 
two,  prevention  of  pulmonary  hypertension  was  a('comi)lislied  in  hoth.  (We 
have  not  reported  our  thii'(l  survivoi'  because  of  an  inade(|uate  follow-up 
])ei'iod.  Twelve  months,  at  least,  must  elapse  fi-om  the  date  of  opei'ation 
before  its  effects  can  be  assessed.)  Finally,  altei-ations  in  the  atrial  septum 
and  main  pulmonary  artery  by  this  method  aie  not  xi  ((unplicated  that  a 
curative  operation  woidd  be  impossible  later.  Advances  in  cardiac  .surgery 


TABLE  I 

Rcsi/lls  of  Calhelt'iization  of  Two  Patients  9  and  S'2  years  After  Creation  of 
ASD  and  PA  Constriction 


Pressure  mm  Hg 

Per  cent  O2 

Saturation 

E.  McE. 

R.  S. 

E.  McE. 

R.  S. 

Superior  vena  cava 

Low  

GG.l 

4().7 

High  

06.1 

51.1 

Right  atrium 

Low  

75.2 

52.0 

xMid  

8/2 

2/0 

89.3 

55.4 

Right  ventricle  

110/-15  to  +8 

1.3!)/-2()  to  -f-10 

92.0 

85.1 

Aorta  

l()2/(i5 

85.1 

(i2.2 

Left  puhnonarv  vein  

2  (wedge j 

98.2 

Left  atrium  

2/-1 

97.9 

Left  ventricle  

102/-10  to  0 

91.4 

Pulmonary  artery  

9/3 

97.1 

85.7 

Cardiac  index  

3.4 

4.1 

Left-to-right  shunt  

15.1  L/niin 

2.9  L/min 

Right -to-left  shunt  

1 .5  L/min 

2.4  L/min 

may,  within  a  few  years,  cure  a  certain  jiroportion  of  transposition  patients 
if  the  pulmonary  vascular  bed  is  free  of  arteriolar  disease. 

ANA8TOMOSI.S  OF  THE  St  PERIOR  VEXA  CAVA  TO  THE  RIGHT  PULMONARY  ARTERY 

Many  patients  with  transposition  who  fall  in  the  subgroup  with  pulmonic 
stenosis  have  been  treated  with  either  a  Blalock  or  Potts  anastomosis.  In 
our  experience,  however,  the  benefit  immediately  following  opeiation  was  not 
predictable.  The  long-term  effect  was  not  known  either,  but  some  skepticism 
developed  as  we  observed  patients  who  had  had  these  operations  for  other 
cardiac  malformations.  We  decided,  therefore,  to  use  the  anastomosis  of 
superior  vena  cava  to  right  jnilmonary  artery,  desciibed  by  Glenn  (10),  on 
patients  in  this  special  category  (i.e.,  transjjosition  with  ventricular  septal 
defect  and  pulmonic  stenosis) . 
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Criteria  for  evaluation  of  the  effect  of  ojieratioD  alter  one  or  two  years  i 
are  given  in  Table  II.  The  first  patient.  P.D..  had  a  functioning  Blalock 
anastomosis  which  was  made  at  the  age  of  two.  An  unusual  feature  in  her 
case  also  was  unex]ilained  systemic  hypertension  wliich  has  not  recurred 
since  the  Glenn  anastomosis.  The  last  patient.  CD.,  developed  the  po.stperi- 
cardiotomy  sjTidrome  (lit  in  the  third  j>ostoperative  month.  Review  of  elec- 
trocardiograms and  chest  x-rays  shows  no  significant  change  in  this  group. 
It  is  apparent  that  results  to  date  are  ven.-  good  and  with  a  ven.-  low  operative 
risk  they  are  far  better  than  obtained  by  any  other  palliative  procedure 
for  this  condition.  Their  excellence,  in  fact,  suggests  another  plan  of  surgir-i! 
treatment.  It  might  be  more  beneficial  to  band  the  pulmonary  arter\-  in  t: 


TABLE  II 

Glenn  Anastomogis  in  Patients  with  Transposition.  VSD,  and  PS 


p 

D 

E. 

R 

w 

C. 

C 

C. 

Before 

.\ftcr 

Before 

After 

Before 

After 

Before 

Ai-i 

Cyanosis 
Exercise  capacity 

+  +++ 

++ 

+++ 

+ 

++  + 

0 

normal 

++  +  + 

ver>' 
limited 

near 
normal 

ver\- 
limited 

near 
normal 

verj' 
limited 

very 
limited 

nt'T 

Hemoglobin,  Gm% 
Hematocrit,  vol% 

20.5 
68 

18 

57 

19 

GO 

14 

43 

19 
60 

14 

40 

22 

73 

17 

.54 

Follow -up  period, 
months 

24 

18 

18 

12 

Age  at  operation, 
years 

6*.  2 

■7 

12 

10 

with  transposition  and  a  simple  ventrictdar  septal  defect  and  carry  out  cava- 
to-pulmonar>'  arter>'  anastomosis  rather  than  excision  of  atrial  septum. 

IXTRA-ATRL\L  CORRECTIOX 

The  principle  given  by  Albert  (12t.  in  1954,  for  correction  of  transposition 
by  redirection  of  caval  and  pulmonan."  venous  flow  at  the  atrial  level  has  been 
the  basis  for  several  new  operations.  It  is  beyond  the  scope  of  this  report  to 
re\-iew  them,  but  credit  must  be  given  to  Senning  (13),  Barnard  (14i.  Shu- 
macker  <15i,  and  Kirklin  (16t  for  its  application  and  the  first  curative  oper- 
ations for  transposition.  .Sennings  and  Barnard's  patient-s  were  nine  and 
teen  years  of  age,  resjiectively.  Shumacker's  patient  was  one  year  of 
and  Kirklin  was  successful  with  three  infants.  The  record  of  our  only  pai. 
to  date  is  summarized  as  follows. 

J.Eij.,  Children's  Hospital  Xo.  150721,  was  cyanotic  at  birth.  There  v 
frequent  episodes  of  paroxysmal  dyspnea  and  cyanosis  relieved  by  morp: 
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and  oxygt'n.  Cardiac  failuiv  was  partially  controlled  hy  dii^italis  and  diuret- 
ics. Electrocardiogram  showed  P  pulmonale  and  marked  right  ventricular 
hypertrophy.  The  heart  was  moderately  enlarged  by  x-ray  and  j)ulmonary 
vascular  markings  were  increased.  Cardiac  catheterization  was  not  com- 
plete, but  pressure  in  the  left  ventricle,  entered  via  atrial  septum  and  mitral 
valve,  was  only  one-half  systemic  i)ressure.  An  angiocardiogram  confirmed 
the  diagnosis  and  gave  additional  evidence  against  a  ventricular  septal  defect. 
She  was  operated  upon  in  March  1963,  in  her  tenth  week  of  life.  She  weighed 
seven  pounds  and  three  ounces.  Dccji  hypothei-mia  was  induced  during  per- 
fusion to  permit  total  interruption  of  circulation  for  35  minutes.  This  was  the 
time  required  for  closure  of  the  patent  ductus  and  completion  of  the  intraatrial 
portion  of  the  operation  (Figs.  1-3).  Perfusion  was  resmned,  and  after  rewarm- 
ing  she  did  not  require  further  su|)p()rt.  Artciial  oxygen  saturation,  postoi)era- 
tively,  varied  between  91  and  9.")  per  cent.  An  angiocardiogram  on  the  thir- 
teenth postoperative  day  contiiiued  the  normal  course  of  her  circulation, 
and  she  has  progressetl  as  a  normal  baliy  to  date,  nine  months  after  opera- 
tion (December  1963). 

We  believe  intra-atrial  correction  should  be  performed  if  the  child's  inter- 
ventricular septum  is  intact  and  a  serious  degree  of  pulmonary  hypertension 
has  not  developed.  The  dilennna  at  present  is  formed  by  inherent  hazards  of 
open-heart  operations  on  children  under  one  year,  on  the  one  hand;  and  on  the 
other,  development  of  jnilmonary  hypertension  during  delay  for  the  child  to 
grow. 

COXCLU.SIONS 

The  cardiac  malformations  associated  with  transposition  of  the  great  vessels 
form  the  basis  for  division  of  patit'Uts  into  subgroups.  Choice  of  operation 
should  depend  upon  the  hemodynamics  of  the  subgroup  and  the  operative  pro- 
cedure selected  which  will  improve  it  most.  Clearly,  there  is  not  enough  experi- 
ence to  form  a  plan  which  will  ser^•e  as  a  guide  for  every  case.  We  believe, 
however,  that  it  is  useful,  even  at  the  present  stage,  to  follow  this  set  of  rules. 

1.  The  child  with  transposition,  an  intact  ventricular  septum,  and  left  ven- 
tricular or  pulmonary  artery  ])ressuics  significantly  lower  than  systemic 
l)ressures  should  hiwv  closure  of  the  ductus  arteriosus  and  intra-atrial 
correction  as  desci-ii)e(l  by  Senning. 

2.  The  child  with  transposition,  ventricular  septal  defect,  and  normal  left 
ventricular  outflow  should  have  closure  of  the  ductus  arteriosus,  excision 
of  the  atrial  septum,  and  banding  of  the  ]ndmonai  y  artery. 

3.  The  symptomatic  older  child  with  transposition,  ventricular  septal  defect, 
and  pulmonic  stenosis  with  or  without  a  previous  Blalock  anastomosis 
should  have  anastomosis  of  the  superior  vena  cava  to  the  right  pulmonary 
artery  (Glenn).  However,  the  Blalock  or  Potts  procedure  is  preferred  in 
infancy. 

4.  Pulmonary  arteriolar  di.sease  with  marked  elevation  of  vascular  resist- 
ance is  a  contraindication  to  any  of  these  surgical  procedures. 
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FRANK  GOLLAX.  MX).» 
As  we  set  out  to  sail  uncharted  seas  in  medicine  it  is  well  to  reaflBrm  our 
faith  and  hope  to  relate  our  biological  destiny  as  well  as  our  work  to  nature 
around  us.  The  guiding  star  in  this  imcertain  voyage  is  the  knowledge  of  nat- 
uralists who  have  lived,  labored  and  died  before  us.  In  the  field  of  extra- 
cor])oreal  circulation  in  particular,  we  should  never  forget  that  the  principles 
of  circulating,  oxygenating  and  dialyzing  of  blood  outside  the  lx)dy  have  been 
presented  to  us  at  the  turn  of  the  last  century  and  there  is  no  reason  to  be 
stupified  by  the  current  plethora  of  bigger  and  better  machines.  We  should  use 
these  ingenious  devices  first  of  all  to  relieve  human  suffering  and  then  to  ex- 
plore the  physiological  conditions  which  will  finally  make  their  use  unneces- 
.sary  by  inducing  in  man  this  miraculous  creation  of  nature,  hibernation. 

At  a  meeting  of  the  Royal  Society  of  Philosophy  in  London  Dr.  Marshall 
Hall  said  on  March  1.  1832:  "In  the  hibernating  animal  the  respiration  is 
nearly  suspended.  Had  not  the  irritability  of  the  heart  become  proportionately 
augmented,  the  actions  of  life  must  have  ceased.  There  is  no  stagnation  of 
blood  at  the  heart,  consequently  no  uneasiness  and  the  animal  becomes  more 
and  more  lethargic  as  the  circulation  of  venous  blood  is  more  complete.  This 
letharg>'  is  eventually  interrupted  by  circumstances  which  break  ordinan,' 
sleep  as  external  stimuli  and  the  cause  of  appetite"  (1).  This  first  description 
of  hibernation  is  a  clair\-oyant  outline  of  our  final  aim  to  produce  in  man  a 
condition  not  recjuiring  anesthesia,  artificial  respiration,  ice  immersion,  and 
"heart-lung"  machines.  In  hibernating  animals  the  heart  rate  begins  to  drop 
before  the  body  temperature  shows  any  change,  but  then  the  heart  speeds  up 
again  and  by  shivering  the  animal  regains  its  temperature.  After  a  few  "test 
drops"  of  progressively  lower  temperature,  the  ner\'ous  system  seems  to  be 
conditioned  for  the  final  plunge  to  the  lowest  temperature  which  is  always 
slightly  higher  than  the  environment.  The  animals  are  able  to  reset  their 
thennostat  to  a  varying  gradient  of  the  outside  temperature  without  awaken- 
ing, but  wake  up  temporarily  to  have  a  snack.  During  arousal  in  spring  the 
heart  rate  may  accelerate  to  a  rate  a  hundred  times  faster  than  during  hiberna- 
tion and  after  about  three  hours  of  violent  shivering  the  animal  is  evenly  re- 
warmed  and  fully  awake.  This  feat  of  harmonious  autonomic  adjustment 
cannot  be  accomplished  by  any  nonhibernating  mammal,  including  man.  be- 
cau.se  as  the  heart  rate,  the  cardiac  output  and  the  circulation  time  slow  dowTi, 
the  cold  blood  becomes  too  viscous  and  capillary  flow  ceases;  the  heart  shows 
an  "uneasiness."  as  Dr.  Hall  would  call  it.  by  becoming  irregular  and  death 
ensues  by  ventricular  fibrillation. 

By  far  the  largest  part  of  the  vascular  bed  is  part  of  the  venous  tree.  par- 
Lecture  presented  November  16,  1963,  at  The  Mount  Sinai  Hospital.  New  York,  N.Y. 
♦Veterans  Admini.«tration  Ho.spital  and  University  of  Miami  School  of  Mcdi'inr.  Coral 
Gables,  Florida. 
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ticulaiiy  the  hu^t'  reservoir  of  venules  wliert'  tlie  viscous  blood  limls  its  restinf; 
place.  It  would  recjuire  a  much  more  forceful  and  faster  circulation  of  much 
less;  viscous  blood  to  provide  the  tissues  with  oxygen.  Since  the  animal  lacks  a 
rai)id  and  forceful  heart,  as  well  as  enough  thin  blood,  it  is  quite  obvious  that 
the  tem{)orary  loan  of  a  spare  pump  and  some  watered-down,  ow  i:(  iKitcd  blood 
would  be  a  great  help  in  this  time  of  need.  In  fact,  man's  best  Iru  nd  is  so  grate- 
ful for  this  mediocre  gift  and  the  professional  courtesy  extended  to  him,  that 
he  i)ermits  us  to  get  all  his  lazy  and  thick  blood  back  into  tlu>  circulation  again 
and  he  rewards  us  by  tolerating  a  much  lower  temjieraturc  and  longei'  peiiod 
of  circulatory  arrest.  The  heart  rate  and  temperature'  cur\c  of  dogs  cooled  by 
blood  perfusion  is  similar  to  the  one  we  see  in  the  hibernating  animal. 

Is  it  really  as  simjile  as  that?  Do  the  mechanical  devices  re-establish  ade- 
quate capillary  flow  at  almost  freezing  temperatures?  There  is  no  doubt  that 
they  have  improved  the  circulation  of  the  intei-nal  oi'gans  supplied  by  lai-ge  ar- 
teries, as  evidenced  by  the  pronounct'd  temperature  gradient  and  the  seemingly 
unimpaired  function  of  kidneys,  liver  and  heart.  The  heart  is  mentioned  last  be- 
cause it  is  farthest  from  the  femoral  artery  cannula  returning  oxygenated  cold  or 
warm  blood  to  the  body.  In  contradistinction  to  the  normal  condition  where 
the  heart  and  the  brain  are  the  first  to  receive  blood  from  the  large  outflow 
tract  of  the  left  ventricle  and  the  ascending  aorta,  now  they  ai'e  last  in  line  and 
are  expected  to  be  satisfied  with  the  dissipated  leftovers  of  the  thin  jet  stream 
hitting  the  pool  of  inert,  viscous  blood  in  a  broadening  aorta.  By  measuring 
the  available  myocardial  oxygen  it  can  be  shown  that  the  heart  receives  more 
coronary  flow  if  the  same  volume  of  blood  is  returned  into  the  left  subclavian, 
than  into  a  femoral  artery.  The  heart  can  tolerate  a  lowered  coronary  flow 
under  such  conditions,  but  the  integrity  of  the  brain  may  be  imi^aired.  It  is 
particularly  distressing  to  read  reports  where  "informed  guesses"  from  oxygen 
consumption  cur\-es  deiived  from  low-flow  and  short-term  experiments  have 
led  to  long  operations  with  cessation  of  the  circulation,  resulting  in  severe  brain 
damage  in  children.  A  review  of  tlie  literature  of  hyi^othermic  perfusion  indi- 
cates that  there  are  three  physiological  factors  which  guarantee  success  of  this 
procedure.  They  are:  large  blood  flow;  blood  dilution;  and  increased  carbon 
dioxide  tension. 

High  blood  flow  does  not  only  depend  on  the  continuous  drainage  of  venous 
blood  through  large  bore  catheters,  but  also  on  the  viscosity  of  blood.  The  vis- 
cosity of  the  blood  goes  up  al)out  o  per  cent  jicr  degree  centigrade  of  lowered 
temperature,  and  finally  it  becomes  so  thick  tliat  it  cannot  be  aspirated  into  a 
syringe.  It  would  be  desirable  to  measure  viscosity  while  blood  is  flowing  and 
not  in  a  test  tube,  becau.^e  blood  is  a  so-called  non-Newtonian  fluid.  This  term 
simply  means  that  if  l)lood  is  stagnating,  the  particles  will  settle  and  viscosity 
will  go  up,  whereas  if  you  keep  it  moving  the  viscosity  will  be  lower  (2). 
Therefore,  the  viscosity  of  blood  should  be  measured  while  blood  is  flowing. 
Unfortunately  this  cannot  yet  be  done  intravascularly  and  therefore  we  have 
to  be  satisfied  by  inserting  an  ultrasonic  jirobe  into  the  extracorporeal  circuit. 
By  continuous  monitoring  of  blood  viscosity  we  can  study  the  effects  of  hemato- 
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crit.  teniiieraturo  and  vi-locity.  The  initial  changes  of  lieniatocrit  by  blood  dilu- 
tion and  tcniperaturo  will  result  in  the  final  measured  viscosity  (Fig.  1).  But, 
if  we  stop  the  flow  in  the  extracori)oreal  circuit  we  also  can  measure  the  effect 
of  velocity.  This  effect  is  very  small  and  does  not  lower  viscosity  to  the  extent 
hemodilution  does  (Fig.  2). 


CONTINUOUS  VISCOSITY  MEASUREMENTS  OF  FLOWING  BLOOD 

Fk;.  1.  Continuous  monitorinfi  of  extracorporeal  bloofl  \  is(o.sity  by  an  iiltra.sonic  probe.  I 

During  a  perfusion  we  still  would  like  to  know  whether  the  brain,  the  inosl 
exacting  customer  of  oxygen,  is  always  satisfied.  I'p  to  now  we  did  not  hav( 
any  means  of  instantaneous  anrl  continuous  measurement  of  l)lood  fiow  t( 
the  brain  during  a  perfusion.  The  nitrous  oxide  extraction  and  radioisotope 
dilution  methods  do  not  lend  themselves  for  such  a  jjrocedure  because  they  arc 
much  too  cumbersome  and  time  consuming.  We  have  found  that  electric  iiii 
pedance  plethysmography  does  fill  that  need.  Thi.s  forbidding  name  hides  . 
simple  principle.  With  the  ebb  and  flow  of  bloocl  to  and  from  the  brain,  clef 
trical  current  flow  between  two  electrodes  is  affected.  Just  like  in  the  liciiid 
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(lynaiuic  system,  resistance  equals  pressure  over  flow,  or  we  can  state  in  elec- 
trical terms  that  impedance  equals  voltage  over  current.  Electrical  ini|)e(lance 
accompanying  changes  of  pulse  volume  have  been  explored  since  the  lK  ;j;inning 
of  the  century  ;  however,  cranial  plethysmography  or  rheoencephalo<^rapliy  (3) 
has  suffered  from  an  al)un(lance  of  theoretical  considerations  and  |)iciiiature 


THE  EFFECT  OF  VELOCITY  ON  BLOOD  VISCOSITY 
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Fig.  2.  Effect  of  velocitj-  on  viscosity  of  extracorporeal  blood  during  hypothermic  per- 
fusion. 


clinical  ap])lications  on  the  one  hand,  and  a  lack  of  controlled  physiological 
experimentation  on  the  other. 

A  so-called  heart-lung  machine  is  ideally  suited  to  bypass  the  anatomical 
labyrinth  of  the  cerebral  circulation  in  the  dog  and  to  perfuse  the  isolated 
head  and  brain  in  ordei'  to  analyze  and  even  to  calibrate  the  rheoencephalo- 
gram.  In  such  an  e-xj^eriment  venous  blood  is  drained  from  the  right  atrium  of 
a  closed-chest  dog  into  a  i)ump-oxygenator,  and  the  blood  is  returned  to  both 
common  carotid  arteries  (Fig.  3).  When  partial  car(lio])ulmonary  byi)ass  is 
established  the  heart  is  made  to  fibrillate  by  transthoracic  shock,  and  an  iso- 
lated head  perfusion  through  the  carotid  arteries  results,  in  which  flow,  pulse 
pressure  and  rate,  gas  content  and  temperature  can  be  controlled.  Lead  foil 


136 


FRANK  (iOLLAX 


electrodes  in  the  shape  of  contact  lenses  are  put  on  the  corneae  to  measure  the 
electrical  impedance  or  the  pulse  volume  changes.  The  eyeballs  are  the  only 
soft  parts  protruding  from  the  solid  skull,  and  with  monopolar  electrodes  one 
can  measure  carotid  blood  flow  changes  to  both  eyes  independently.  Large 
lead  foil  electrodes  attached  to  the  skull  measure  almost  entirely  blood  flow 
changes  in  the  external  carotid  arteries  of  the  dog.  The  simultaneous  tracings 
of  the  rheoencephalograi)h,  of  an  electromagnetic  flow  meter  and  a  pressure 
transducer  can  now  be  analyzed  (Fig.  4).  In  experiments  in  which  either  the 
flow  or  the  jjulse  rate  were  kept  constant,  we  were  able  to  correlate  directly 
the  height  of  the  amplitudes  of  the  electrical  resistance  changes  with  changes 


Fig.  3.  Controlled  perfii.sion  of  i.solated  brain  for  the  experimental  analysis  of  rheoi n- 
cephalography. 

in  stroke  volume  of  the  pump  (Figs.  5.  6).  Thus,  in.stantaneous  and  continue 
monitoring  of  cerebral  blood  flow  may  prove  to  be  a  most  important  critci : 
of  adequacy  of  perfusion. 

Gas  exchange,  the  third  point  mentioned,  becomes  a  highly  complicati 
jiroblem  the  moment  the  temperature  is  changed.  There  arc  two  distinct  and, 
.separate  factors  operative  at  a  lower  body  temperature;  the  freely  dis.solved 
oxygen  in  the  water  of  the  blood  and  tissues,  and  the  captive  oxygen  bound  to, 
the  pigment  of  circulating  red  cells  and  stationary  muscle  cells.  Let  us  first 
consider  the  dissolved  oxygen.  As  the  temperature  is  lowered,  water  will  con- 
tain more  dissolved  oxygen  because  the  movements  of  the  atoms  slow  dowr 
and  the  rush  to  return  home  to  the  atmosphere  changes  into  a  leisurely  pace 
The  amount  of  flissolved  oxygen  of  .3  volume  per  cent  at  normal  Ijofly  tem-| 
I)erature  anrl  breathing  air  rises  to  as  much  as  3  to  4  volume  per  cent  if  we  coo 
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and  oxygenate  blood  witli  100  per  cent  oxygen  (Fig.  7).  This  is  as  nnioh  as 
the  normal  arteriovenous  difference  in  oxygen  content  and  tlms  at  a  liigh  flow 
rate  this  is  actually  enough  to  cover  the  oxygen  consumption  of  a  hypothermic 
animal.  To  prove  this  point  we  can  wash  out  the  red  cells  and  perfu.se  the  ani- 
mal with  ])lasma  and  Ringer's  solution  (Fig.  8).  During  this  period  the  dog 

RHEOENCEPHALOGRAM.  FLOW  AND  PRESSURE 
IN    PERFUSED   DOG  BRAIN 
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Fig.  4.  Simultaneous  recording  of  changes  of  electrical  impedance,  flow  anil  pressure 
in  perfused  isolated  brain  of  dog.  Tliis  record  of  very  high  amplitudes  of  all  parameters 
was  chosen  for  better  visualization. 


resembles  the  only  other  creature  known  to  live  without  any  blood  pigment — 
namely,  the  completely  tran.<paront  "ice  fish"  which  lives  only  from  the  high 
amount  of  dissolved  oxygen  in  the  cold  Arctic  waters.  Before  rewariuing  the 
dogs  one  has  to  give  them  the  benefit  of  red  cells,  and  these  temporarily 
bloodless  animals  have  survived  without  clinical  evidence  of  damage  (4). 
Their  oxygen  enriched  body  water  kept  them  alive  just  like  Haldane's  mice 
under  hyperbaric  oxygenation  who.se  hemoglobin  was  put  out  of  circulation 
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by  carbon  inonoxick'  (5 1.  It  is  also  jwssibk'  to  transform  mice  into  fish  by  sub- 
merging them  in  a  chamber  filled  with  buffered  Ringer's  solution  under  a  pres- 
sure of  7  or  8  atmospheres  of  oxygen.  It  is  an  amazing  sight  to  see  mice  swini 
in  an  aquarium  for  a  day  or  so.  i)ut  one  really  should  not  be  that  astonished 
because  these  mice  obey  Henry's  law  which  states  that  the  weight  of  a  gas 
absorbed  by  a  given  liciuid  is  directly  projiortional  to  the  pressure  of  the  gas. 
Thus,  during  hypothermic  perfusion  at  one  atmosphere  of  oxygen  tension  and 
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Fi<;.  5.  Effect  of  clianging  flow  i-ate  at  constant  jiiiIsr  rate  on  rliooencophaloKrani  ni 
perfused  dog  brain. 

during  hj'perbaric  oxygenation  the  ilissolved  oxygen  in  body  water  can  assume 
biological  importancec. 

The  mechanism  of  oxygen  transfer  from  red  cells  is  of  a  dilferent  natuic. 
Barcroft  and  King  described  the  effect  of  temperature  on  the  dissociation 
curve  of  hemoglobin,  and  they  found  what  has  been  called  the  "shift  to  tin 
left"  (7).  What  does  this  "shift  to  the  left"  mean?  The  bright  red  arterial 
blood  of  the  hypothermic  animal  evokes  a  sense  of  false  security  because  tin 
oxygen  is  glued  to  hemoglobm  but  camiot  come  off.  Thei-efore,  we  would  lik- 
to  shift  or  bend  these  curves  i)ack  to  the  riglit  to  imluce  the  gi-ee(ly  lieiim- 
globin  to  relea.se  more  oxygen  to  the  needy  ti.ssues.  A  famous  trio  of  physiolo- 
gists, Bohr,  Hasselbach  and  Krogh,  have  shown  that  this  can  be  done  by  in- 
creasing the  carbon  dioxide  tension,  anri  by  honoring  only  the  first  violinist  we 
speak  of  the  "Bohr  effect"  fSl . 
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^^■('  have  trii'd  to  vv\n\i\.  thv  work  of  others  who  aciihf'u'd  blood  i)y  hydro- 
cliloric  acid.  The  (Hsadvanta<!;e  of  this  procedure  lies  in  the  uncertainty  of 
actual  penetration  of  this  mineral  acid  into  red  cells  at  a  lower  temperature 
and  in  the  necessity  of  having  to  neutralize  with  a  base  afterwards.  l?ut,  worse 
than  that,  if  one  tries  to  acidify  hiy;hly  oxygenated  blood  connn^  fioni  an 
oxygenator  the  chances  of  dissociating  more  oxygen  are  very  poor  l)ecause  the 
1)H  effect  IS  minimal  at  the  ui)per  and  shallow  end  of  the  curve.  One  has  to 
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Fig.  6.  Effect  of  changing  pulse  rate  at  constant  flow  rate  on  rheoencephalogiam  of 
perfused  dog  brain. 

test  this  concept  in  the  venous  range  of  oxygen  tension  of  20  to  40  mm  Hg, 
where  the  dissociation  does  take  place  in  the  body.  If  more  oxygen  should  be 
made  available,  it  may  manifest  itself  as  an  increased  consumption. 

Since  it  is  difficult  to  jiroduce  a  sti'ady  state  liy  pei'fusing  an  ani-mal  with 
venous  blood  we  chose  first  the  simpler  isolate(i  heart  pi'eparation  (9).  Dog 
hearts  were  perfused  with  venous  blood  of  an  oxygen  ten.sion  of  20  mm  Hg, 
and  diluted  hydrochloric  acid  was  added  to  lowei'  the  pH,  and  THAM  bufTer 
was  used  to  raise  the  pH  (Fig.  9l.  No  change  in  oxygen  consumption  took 
place.  However,  there  was  a  flaw  in  this  experiment  because  the  pH  affected 
the  heart  rate  as  well  as  the  myocardial  contractile  power.  In  1913  G.  R.  Mines 
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observed  that  the  myocardial  contractility  of  a  turtle  heart  decreased  when 
the  pH  of  the  perfusate  was  lowered  and  could  be  restored  by  raising  the  pH 
to  its  previous  level  (10 1.  It  is  discouraging  that  after  fifty  years  this  impor- 

DISSOLVED    OXYGEN    IN    ARTERIAL    BLOOD  DURING 
HYPOTHERMIA    BY  BLOODCOOLING 

VOLUME 
PER  CENT 


HEART     TEMPERATURE,  *  C. 

Fig.  7.  Effect  of  temperature  on  solulnlitx'  nf  ii  in  water  (solid  line)  and  on  ox\ 

content  of  arterial  blood  during  liyi)ollurniic  iK  ifusion  with  a  ininip-oxygonator  (o|  ■  h 
circles). 


l      S.  lieniatocnt  deterniinalion.s  during  liypotlierniie  jicrfu-sion  witliout  blood. 

tant  fact  still  has  to  be  rediscovered  by  investigators  in  the  laboratory  and 
that  it  still  escapes  attention  at  the  bedside.  If  one  suspects  a  metabolic 
acidosis  at  the  end  of  a  prolonged  perfusion,  one  can  almost  titrate  the  blood 
pH  back  to  normal  by  adding  THA.M  l)uffci-  and  substitute  the  ictuni  of  strong 
contractions  for  the  needle  of  a  pH  meter.  This  dramatic  cITcct  is  due  to  the 
fact  that  the  catecholamines,  like  iioi-ailiciialiii,  have  an  optimal  pll  of  alxnit 
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TRIS 
(18  meq) 


PERFUSED  ISOLATED  HEART 

Weight  of  Heart   425  grams 
Temperature  20''C 
Flow   300  cc/min 

•  Arterial 

-♦-  Venous 


TIME  ( in  minutes) 

Fig.  9.  Oxygen  consumption  of  hypothermic  isolated  heart  during  perfusion  with  venous 
blood  of  varj'ing  pH. 

7  to  8  and  are  less  active  at  a  lower  pH.  When  fibrillating  clog  hearts,  in  which 
a  changing  heart  rate  or  contractility  could  not  influence  oxygen  consumption, 
were  perfused,  no  increased  oxygen  consumption  was  found  which  could  have 
been  ascribed  to  an  increase  in  dissociation  of  oxygen.  It  is  probable  that  the 
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mctal)olic  need?  of  the  hypotherniic  heart  are  satisfied  by  an  adequate  coro- 
nary flow  of  venous  blood  (111  and  that  even  an  additional  supply  of  disso- 
ciated oxygen  could  not  be  measured  as  increased  consumj^tion.  This  explana- 
tion still  had  to  be  tested  by  jierfusing  an  entire  animal  with  venous  blood. 

A  very  simple  extracorporeal  circuit  (Fig.  10 1  can  be  set  up  for  this  purpo- 
Venous  blood  from  the  right  heart  drains  through  a  jugular  vein  into  an  elastic- 
chamber  (12j,  is  cooled  in  a  heat  exchanger  (13)  and  pumped  by  a  ventricle 


Fig.  10.  Extracorporeal  circuit  for  hypothermic  perfusion  with  venous  blood.  Thin-walled 
"auricle''  open  to  atmospheric  pre.ssure  (right),  heat  exchanger  (center)  and  ventricle 
pump  with  control  unit  (left). 

pump  (14l  into  a  femoral  artcn.'.  This  is  a  small,  closed,  and  atraumatic  cir- 
cuit which  can  be  primed  with  600  ml  of  Ringer's  solution.  No  blood  leveling 
devices  are  needed  becau.se  if  the  pump  exceeds  the  inflow,  the  elastic  chaml 
collap.ses  and  prevents  further  inflow.  The  animals  were  anesthetized  witl 
short-acting  barbiturate  and  with  fluothane  and  ventilated  for  one  hour  wu: 
oxygen,  or  with  oxygen  and  increasing  concentrations  of  carbon  dioxide.  Dni- 
ing  that  time  they  were  given  30  mg  kg  of  quinidine  by  slow  i.v.  drip  to  p: 
vent  ventricular  fibrillation  (4i.  Then  partial  cardiopulmonary-  bypass  in 
one  jugular  vein  to  a  femoral  artery  and  blood  stream  cooling  was  star'' 
When  1.5'C  c-^ophageal  temp,  was  reached,  the  heart  was  made  to  fibrillat( 
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transthoracic  electric  .<hock  and  the  respirator  was  stoi)i)ed.  However,  veno- 
arterial perfusion  continued  at  the  same  rate  and  the  decline  in  the  oxygen 
content  of  the  blood  served  as  an  indicator  of  oxygen  consumption.  There  was 
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Fig.  11.  Decline  of  total  and  of  dissolved  oxygen  content  during  hypothermic  perfusion 
with  venous  blood  after  induced  cardiac  arrest. 

a  very  rapid  decline  in  the  oxygen  content  of  the  venous  blood  perfusing  the 
body,  and  in  the  first  five  minutes  the  dissolved  oxygen  was  used  up  because 
it  was  immediately  ;l^  ailahlc  to  the  (•(•11>  (  Fig.  ID.  Because  of  the  low  oxygen 
tension  of  the  venous  blood  this  amount  was  small  and  from  then  on  the  body 
drew  on  the  oxygen  bound  to  hemoglobin  and  myoglobin  luttil  all  a^•ailable 
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oxygen  was  uscmI  up.  \\"itli()ut  seeking  refuge  and  sohice  in  tlie  possibility  of 
statistical  significance,  one  look  at  the  random  scatter  of  the  great  number  of 
determinations  convinces  us  that  all  correlations  lack  biological  significance 
(Fig.  12).  Thus,  there  is  no  relation  between  the  acidity  of  the  blood  produced 
by  high  carbon  dioxide  tension  and  the  oxygen  consumption  of  the  hypothermic 
hypoxemic  animal.  Does  this  mean  that  the  gas  laws  of  Barcroft  and  King  of 
the  temperature  shift  to  the  left,  or  of  Bohr.  Hasselbach  and  Krogh  of  the  CO2 
shift  to  the  right,  are  incorrect?  Of  course  not.  It  simply  means  that  under  the 
conditions  of  this  particular  experiment  of  hypothermic  |ieifusion  their  effect 
is  not  detectable  and  that  no  clinical  benefit  can  be  expected  from  the  appli- 

THE   REGULATION   OF  RESPIRATION 

X.    EFFECTS    OF    CARBON  DIOXIDE,  SODIUM  BICARBONATE    AND    SODIUM  CARBONATE 
ON    THE    CAROTID    AND    FEMORAL    FLOW    OF  BLOOD 

Detlev  W.  Bronk   and    Robert  Gesell 

(Am.  Journal  of  Physiology,  82  :  1 70 ,  192  7  ) 
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Fig.  13.  The  discovery  of  the  carbon  dioxide  "master  switch  of  hfe." 


cation  of  this  principle.  But,  does  it  also  mean  that  it  does  not  matter  whether 
we  use  a  carbon  dioxide  tension  of  10  or  100  mm  Hg?  Of  course  not.  The  gas 
laws  should  certainly  not  be  repealed,  but  we  need  additional  legislation  about 
the  pharmacological  effects  of  the  various  gases  during  hypothermic  perfusion, 
particularly  the  eft'ect  of  carbon  dioxide. 

In  1927  Bronk  and  Gesell  (15)  published  a  finding  of  such  fundamental 
importance  that  a  reproduction  of  one  of  their  experiments  may  serve  to  in- 
scribe it  indelibly  in  our  minds  (Fig.  13).  They  made  the  original  observation 
that  an  increase  of  carbon  dioxide  in  the  blood  of  a  dog  slowed  down  the  blood 
flow  in  the  muscles,  but  increased  the  circulation  to  the  brain.  P.  F.  Scholander 
has  called  this  redistribution  of  the  circulation  which  produces  a  heart  and 
brain  preparation,  the  master  switch  of  life  since  it  is  the  animal's  ultimate 
defense  against  asphyxia  (16).  In  a  controlled  study  on  fifty  patients  W.  G. 
Lennox  and  E.  L.  Gibbs  have  shown  in  1932  that  man  is  no  exception  to  this 
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biological  law  (17».  When  the  nitrous  oxide  technique  of  measuring  cerebral 
blood  flow  was  used  by  Kety  and  Schmidt  in  1945  QSt.  they  found  that  the 
inhalation  of  7^c  carbon  dioxide  doubled  the  cerebral  blood  flow. 

The  eflect  of  carbon  dioxide  is  panicularly  pronounced  in  hypothermia  and 
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Fig.  14.  Effect  of  carbon  dioxide  on  venous  pOs  during  hypothermic  perfusion  with 
venous  blood. 

it  has  impressed  investigators  long  before  accurate  methods  of  measurement 
were  available.  At  the  end  of  the  last  centiu^-  Dubois  induced  hibernation  in 
marmots  by  letting  them  breathe  129c  oxj  gen  and  45%  CO2  .  and  w 
* i'acide  carbonique  en  s  accumulant  dans  le  sang,  a  Tetat  normal,  provoqi: 
sommeil  d'abord.  le  reveil  ensuite"  (19 1.  Whether  his  theor>-  of  CO2  nart 
of  hibernation  stood  the  test  of  time  does  not  matter  as  much  as  his  obst-: 
tions  which  we  should  have  recorded  better  in  our  memor>-.  The  rat  in 
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closed  fruit  jar  in  tliaja's  icebox  wa.s  breathing  a  final  mixture  of  3%  oxygen 
and  16%  CCX.  and  survived  8°C  (20).  We  have  used  the  usually  availabe  mix- 
ture of  5%  COj  and  95%  oxygen  as  the  respiratory  gas  before  and  during  deep 
hypothermia,  and  although  the  heart  does  not  behave  differently  we  have 
observed  a  better  equilibration  of  temperature  throughout  the  body  as  a  sign 
of  improved  capillary  flow.  For  deep  hypothermia  a  higher  ratio  of  CO2  to  O2 
may  prove  to  lie  the  gas  mixture  of  choice.  During  total  cardiopulmonary  by- 
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pass  Peirce  (21)  equilibrated  blood  with  50%  oxygen  and  50%  CO2  while  the 
esophageal  temperature  was  lowered  to  8°C.  At  the  end  of  the  rewarming  pe- 
riod of  pCOo  of  350  mm  Hg,  a  pH  of  6.7  anrl  nonrespiratory  acids  of  12  mEq/1 
were  recorded.  The  moment  the  lungs  came  into  play  during  partial  cardio- 
pulmonary bypass  the  pCOo  went  down  and  the  dog  got  up.  This  does  not 
mean  that  the  particular  gas  mixture  in  this  important  experiment  should  be 
applied  clinically,  but  it  indicates  that  different  gas  pressures  may  be  required 
to  sustain  mammalian  life  at  38°  and  at  8°C.  Before  an  answer  to  this  ques- 
tion becomes  available  the  danger  sign  of  the  skull  and  crossbones  should  be 
put  on  gas  tanks  containing  such  a  toxic  vasoconstrictor  as  pure  oxygen.  Deep 
hypothermia  by  jierfusion  abolishes  the  constancy  of  the  "milieu  interieur" 
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for  a  specific  purpose  and  \\c  mistake  Claude  Bernard's  terminology  for  his 
spirit  if  we  hold  on  with  rigid  scholasticism  to  one  last  vestige  of  a  condition 
which  does  not  exist  any  more. 

We  have  undertaken  a  systematic  study  of  a  wide  range  of  carbon  dioxide 
tensions  during  hypothermic  perfusion.  As  in  the  previous  investigations  on  the 
carbon  dioxide  cfiect  on  oxygen  consumption,  right  atrial  blood  was  drained 
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Fig.  15.  Factors  with  (flow,  Ca**)  and  without  (pOs,  pCO:,  pH,  Xa*,  K*,  Mg**) 
on  left  ventricular  pressure  during  hypothermic  perfusion  with  venous  blood. 


effect 


into  an  elastic  chamber  and  heat  exchanger  and  returned  under  pressure  into 
a  femoral  artery.  The  closed  extracorporeal  circuit  was  filled  with  600  cc  of 
Ringer'.s  solution.  As  could  be  expected,  the  venous  blood  of  dogs  breathing 
10%  carbon  dioxide  in  oxygen  had  a  higher  oxygen  tension  than  when  100% 
oxygen  was  used  in  the  respirator  (Fig.  14).  There  was  considerable  over- 
lapping during  moderate  hypothermia,  but  since  ventricular  fibrillation  was 
prevented  by  pretreatment  with  intravenous  quinidine,  the  distinctly  higher 
venous  oxygen  tensions  of  dogs  breathing  10%  carbon  dioxide  could  also  l)e 
shown  during  deep  hypothermia. 
Thus,  the  inhalation  of  10%  COy  in  oxygen  accelerates  cerebral  ciiculation 
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to  such  an  extent  that  the  still  well  oxygenated  blood  in  the  supei'ior  cuval  vein 
may  be  adequate  to  cover  the  reduced  oxygen  consumption  during  hypothermic 
perfusion.  We  tested  this  assumption  in  venoarterial  perfusions  at  23°C 
esophageal  temperature  lasting  three  hours.  During  such  a  long  period  any 

HYPOTHERMIC  PERFUSION  WITH  VENOUS  BLOOD 
AT  23°  C  FOR  3  HOURS 
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Fig.  16.  Effect  of  carbon  dioxide  inhalation  on  venous  pH,  buffer  base,  pOa ,  and  O2 
saturation  during  prolonged  perfusion  with  venous  blood  at  23°C. 

major  violation  of  aerobic  glycolysis  due  to  prolonged  lack  of  capillary  per- 
fusion would  be  unmasked  as  anoxic  acidosis. 

The  esophageal  temperature  of  23°C  was  chosen  because  at  that  temperature 
the  heart  muscle  develops  the  highest  myocardial  contractility  (22)  if  about 
100  cc/Kg/min  of  venous  blood  is  shunted  into  a  femoral  artery.  Under  these 
conditions  only  the  flow  rate  and  calcium  influence  left  ventricular  pressure, 
whereas  PO2  ,  PCO2  ,  pH,  sodium,  potassium,  and  magnesium  concentrations 
have  lost  the  importance  they  normally  occupy  (Fig.  15) . 

The  pronounced  and  remarkably  uniform  effect  of  a  one-hour  long  inhala- 
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tion  of  oxygen  and  of  oxygen  with  increasing  concentrations  of  carbon  diox 
before  hyijothermic  jierfusion  with  venous  blood  becomes  evident  when  \\  ■ 
correhite  the  jjCOo  with  pH.  pOo  %  Oo  saturation  and  buffer  base  (Fig.  16 1. 
The  severe  hypocarbia  due  to  hyperventilation  with  oxygen  is  accompanied 
by  almost  complete  deoxygenation  of  venous  blood  and  severe  metabolic 
acidosis  (23).  If,  however,  the  normal  arterial  pCOi*  is  doubled  and  raised  to 
80  mm  Hg  before  venoarterial  cooling,  the  venous  oxygen  tension  remains  high 
enough  to  achieve  full  venous  oxygen  saturation  and  to  prevent  a  loss  of  buffer 
base.  In  fact,  the  venous  pOo  is  almost  as  high  as  under  3.5  atmospheres  of 
oxygen  pressure  at  normal  temperature  (24) . 

High  tissue  oxygen  tension  can  be  achieved  by  a  high  rate  of  capillary  blood 
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flow  at  normal  atmospheric  pressure,  or  at  a  low  rate  of  capillary  blood  flow  at 
increased  atmospheric  pressures.  At  the  present  state  of  knowledge  it  is  sim- 
pler, safer  and  cheaper  to  speed  up  the  turnover  of  oxygen  for  a  prolonged 
period  under  the  atmospheric  pressure  mammals  have  adjusted  to  in  their 
evolution,  than  to  reduce  the  turnover  and  to  increase  the  gas  tension  to  the 
short  time  limit  of  toxicity.  The  pleasure  of  observing  the  unusually  rapid  and 
full  recovery  of  dogs  after  three  hours  of  perfusion  with  cooled  venous  blood 
of  high  carbon  flioxide  content  is  enhanced  by  reading  the  words  of  August 
Krogh  written  half  a  century  ago:  "Even  a  relatively  small  decrease  in  the 
carbon  dioxide  content  of  the  blood  and  tissues  may  i)roduce  the  most  strange 
and  deleterious  effects  on  the  entire  organism.  It  has  been  the  important  result 
of  recent  investigations  that  carbon  dioxide  can  no  longer  be  regarded  a>  ;i 
mere  wa.ste  product,  for  the  organism  only  to  get  rid  of;  rather  it  must  lu 
accepted  as  one  of  the  essential  factors  governing  the  processes  of  life"  (25 1. 
If  one  knows  only  the  inhaled  gas  mixture  at  the  start  of  the  experiment 
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and  follows  the  outlined  proccdurt',  one  may  get  a  fair  approximation  of  the 
final  venous  oxygen  saturation  from  a  tentative  nomogran  (Fig.  17). 

I'nless  new  principles  of  propulsion  or  oxygenation  of  blood  should  be  dis- 
covered, new  advances  in  the  field  of  extracoiporeal  coiporation  will  come 
from  the  physiological  laboratory  and  not  from  the  machine  shop.  The  present 
study  on  hypothermic  perfusion  with  venous  blood  shows  that  the  induction 
of  hypercarbia  permits  even  the  delctidn  of  an  oxygenator.  Thus,  by  relying  on 
biological  instead  of  mechanical  cngiiuciing,  a  coml)ination  of  reduced  total 
oxygen  consumjition,  lowered  blood  x  iscosity  and  |)eriplieral  resistance  and  of 
increased  myocardial  contractility  can  be  produced  which  may  prove  to  be 
beneficial  in  prolonged  assistance  to  a  failing  circulation. 

We  should  always  kvcp  in  mind  that  the  concept  which  has  made  prolonged 
extracorporeal  circulation  as  well  as  hypothermic  perfusion  possible  is  based 
upon  the  attemjit  to  overcome  tissue  anoxia  by  mechanical  devices.  As  long  as 
this  princi])le  is  a  fruitful  one  we  should  make  full  use  of  it  in  the  operating 
room  as  well  as  in  the  laboratory.  But  we  should  al^andon  this  concept  imme- 
diately the  moment  a  better  one  appears  in  the  parade  of  permanent  change. 
The  faster  the  progres>,  the  shorter  the  life  span  of  a  working  hypothesis.  We 
are  not  dedicated  to  the  j^reservation  of  machines,  technicjues,  or  concepts — 
but  to  the  progress  of  science  itself. 
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Hemodynamic  Considerations  in  Complete  Heart  Block 


PHILIP  SAMET,  M.D.,  and  WILLIAM  H.  BERNSTEIN,  M.D  * 

Present  day  therapy  for  patient-s  with  complete  heart  block  and  slow  ven- 
tricular rates  has  emphasized  the  utilization  of  implantable  electronic  i)ace- 
makers,  especially  in  individuals  with  Stokes-Adams  episodes.  Establishment 
of  a  firm  theoretical  and  clinical  basis  for  such  therapy  retiuires  con>i(kTation 
of  at  least  three  questions:  1)  What  are  the  hemodynamic  abnoniialities  in 
complete  heart  block?  2)  What  is  the  effect  of  variations  in  ventricular  rate 
per  se  upon  these  hemodynamic  abnormalities?  3)  What  is  the  significance  of 
the  atrial  contribution  to  ventricular  function? 

HEMODYNAMIC  DATA  IN  COMPLETE  HEART  BLOCK 

The  hemodynamic  aberrations  associated  with  presumably  acquired  com- 
plete heart  block  had  been  stmlied  in  thirteen  subjects  (1,  2).  Levinson  et  al. 
(1)  performed  right  heart  catheterization  in  five  subjects  (ages  52  to  78)  with 
complete  heart  block.  None  had  ever  been  in  heart  failure.  The  pertinent  find- 
ings may  be  summarized  as  follows.  Right  atrial  systolic  peak  pressures  were 
elevated  as  were  right  ventricular  and  pulmonary  artery  systolic  pressures. 
Increased  pulse  pressure  was  observed  in  the  pulmonary  and  systemic  arterial 
trees.  The  cardiac  output  was  decreased  but  the  stroke  volume  increased  be- 
I  cause  of  the  slow  ventricular  rates.  The  highest  atrial  peak  pressures  were 
!  present  when  atrial  contraction  occurred  just  after  closure  of  the  tricuspid 
I  valve;  atrial  systole  just  prior  to  ventricular  systole  also  resulted  in  elevated 
I  atrial  peak  pressures.  Stack  et  al.  (2)  made  comparable  observations  in  eight 
i  subjects  similarly  studied.  In  four  elderly  subjects  (ages  53-77)  who  had  never 
I  been  in  heart  failure  and  who  sought  medical  aid  because  of  Stokes-Adams 
episodes,  elevated  right  heart  pressures  were  observed  together  with  reduced 
cardiac  output,  increased  stroke  A'olume,  and  increased  arteriovenous  oxygen 
differences.  Right  ventricular  cnd-diastolic  pressures  were  generally  normal.  In 
a  fifth  subject  ne\-er  in  failure,  aged  39,  cartliovascular  dynamics  were  identical 
but  the  stroke  volume  was  sufficiently  increased  to  result  in  a  normal  cardiac 
(lutput  despite  the  slow  heart  rate.  The  presence  of  congestive  heart  failure  in 
iliiee  subjects  (ages  62-72)  resulted  in  accentuation  of  the  cardiovascular 
ilmormalities  and  marked  decrease  in  cardiac  output.  Whether  these  abnor- 
malities are  caused  by  the  slow  ventricular  rate  per  se  or  also  by  the  associated 
111  art  disease  was  not  evident  from  the  above  observations.  The  increased 
arteriovenous  oxygen  differences  in  these  subjects  suggest  that  the  heart  disease 
I  M  l-  se  plays  a  role  in  the  diminution  in  cardiac  output. 

Lecture  presented  December  14,  1963,  at  the  Mount  .'Sinai  IIos]iiial,  Xi  w  York.  X.  Y. 
'  From  the  Section  of  Cardiology,  D(  ]>aitiiK'nt  of  Internal  Medicine,  Mount  Sniai  Hos- 
I.  Miami  Beach:  and  the  Section  of  C'ardiolot;>-.  De|>artnient  of  Medicine,  University  of 
ml  Sciiool  of  Mrdn  iiH  .  Coral  Clahles.  Florida.  Su]. flirted  in  part  by  a  grant  from  the 
I    ;it  As.^ociation  of  Greater  Miami, 
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Further  tlata  have  been  eontrihuted  by  other  recent  studies  (3,  4).  Saniet  et 
al.  (3.)  observed  that  indicator  (hkition  cariliac  indices  were  less  than  2  L./ 
Min./M.-  in  nine  of  seventeen  patients;  in  seven  subjects  the  cardiac  index 
varied  from  2.0-2.7  L.  Min.M.-  In  another  subject  the  cardiac  index  was  3.69 
during  isupiel  infusion.  Pressure  data  were  siniihir  to  those  reported  by  Stack 
and  Levinson;  normal  right  ventricular  end-diastolic  pressures  were  noted. 
Escher  i  t  nl.  1-41  lun'e  also  rejiorted  decicased  cardiac  indices  in  sixteen  such 
patients,  despite  a  rise  in  stroke  vohuue.  A^tel•io^■enous  oxygen  differences 
were  elevated.  The  al)ove-mentioned  studies  wt're  obtained  by  standard  right 
heart  cathetei-ization.  Data  obtainecl  by  traiisscptal  left  heart  catheterization 

M.  Ros.  Complete  Heart  Block. 

9/14/62 


Fig.  1.  I'cmci.il  aiui  p 
complete  heai  i  block  .nid 
cuspid  valve  inodiu  i  >  ,i  1 
proceeds  the  C^HS  c  ()in]i|i 


■>  111  .1  paliciit  with 
aii.iiii.^t  a  closed  tri- 
i  ('  wiii-n  the  P  wave 


in  a  40  year  old  woman  have  I'evealed  changes  in  h'ft  atrial  and  venti'icular 
pressures  similar  to  those  described  foi'  the  right  heart  chambers;  cardiac  index 
was  2.05  L.'Min.M.-  and  the  left  \cnt rictilar  and  systemic  arterial  pulse 
pressures  were  incicascd  (.")).  Left  \-eiit ricul;ir  cnd-diastoHc  pressure  was  nor- 
mal. The  temporal  rehitionship  between  the  P  waves  of  atrial  (le|)olarizati()n 
and  the  QRS  complex  of  ventricular  activation  profoundly  influences  the  form 
and  level  of  the  intracardiac  pre.ssure  curves  in  patients  with  complete  heart 
block  (Figs.  1,  2).  .\trial  contraction  against  a  closed  mitral  or  tricusjjid  valve 
Iclo.sed  as  a  result  of  xciitricular  contraction  when  the  P  wave  is  bm-ied  within, 
or  follows  the  QRS  complex)  results  in  a  higher  atrial  i)ressure  with  a  giant 
cannon  "a"  wave  compared  to  the  atrial  presstu'e  curve  following  a  P  wave 
preceding  a  QRS  complex  by  at  least  a  normal  "I'-R"  interval.  This  is  true  ui 
both  right  atrial  (Fig.  Ij  and  left  atrial  cmves  (Fig.  2l.  Other  hemodynamic 
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consequences  of  asynchronous  atrioventricular  activity  will  be  discussed  below. 
Judge  et  al.  (5a)  have  recently  added  further  data  in  this  field.  Fourteen  sub- 
jects (ages  26-77)  years)  were  studied  after  implantation  of  a  left  ventricular 
variable  rate  pacemaker.  Exercise  in  four  patients  caused  a  significant  increase 
jects  (ages  26-77  years)  were  studied  aftei'  implantation  of  a  left  ventricular 
rate.  The  average  resting  cardiac  out|mt  in  twelve  subjects  was  4.1  L./Min. ; 
unfortunately  neither  the  index  data  nor  l)ody  surface  area  data  were  pub- 
lished. Norepinephrine  infusion  in  five  jiatients  also  resulted  in  a  consistent 
rise  in  output  at  a  constant  ventricular  rate,  from  3.27  L./Min.  to  4.55  L./Min. 

Benchimol  et  al.  (5b)  studied  the  hemodynamic  consequences  of  complete 
heart  block  in  a  45  year  old  male.  The  control  cardiac  index  was  markedly  de- 
pressed. 1.46  L.  AIin.M.-  at  a  rate  of  35.  After  insertion  of  a  variable  rate 
pacer,  the  index  rose  to  2.65  at  a  rate  of  72.  Exercise  under  the  latter  condi- 

O.Pre.   C.H.B.  12/20/63  (Breath  held) 
Effect  of  Sequential  Atrial  Activity 
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I  Hi.  2.  Left  atrial  pressure  curve  in  another  patient  with  complete  heart  block.  Giant  "a" 
.  '  -  are  again  visible  when  left  atrial  contraction  occurs  against  a  closctl  mitral  valve. 


•inii>  failed  to  increase  the  cardiac  index;  nitroglycerine  sublingually  in  a  dose 
ul  1  150  Gr.  also  failed  to  alter  fiow  during  the  implanted  unit  pacing.  Mar- 
shall has  also  recently  observed  a  low  cardiac  output  (2.30  L./Min.)  in  eight 
l)atients  (ages  63-78,1  with  complete  heart  block  and  ventricular  rates  of  34- 
42  Min.  (5c). 

The  hemodynamics  of  congenital  complete  heart  block  have  recently  been 
!(  \icwed  (6i.  These  observations  are  of  considerable  interest  since  they  prob- 
ably represent  the  effects  of  a  relatively  slow  ventricular  rate  per  se  without 
rhe  superimposition  of  the  associated  myocardial  disease  as  is  generally  true 
m  accjuired  complete  heart  Ijlock.  The  heart  rate  ranges  from  40-80  per  min- 
itc.  In  spite  of  the  l)radycardia  the  cardiac  output  is  usually  normal  l)ecause 
•  t  the  elevated  stroke  volume  (7,  8)  ;  the  latter  is  of  a  greater  degree  than  that 
i-iially  seen  in  acquired  complete  heart  !)lock.  It  is  also  possible  that  the  more 
iniiiial  cardiac  output  in  congenital  heart  block  is  at  least  associated  with  a 
■(■utricular  pacemaker  located  at  the  atrioventricular  node  or  His  bundle  (with 
I  normal  QRS  comj^lexl  as  comjiared  to  the  idioventricular  focus  with  a 
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widened  ahi'rrant  QRS  complex  more  frequently  found  in  acquired  complete 
heart  block.  Right  heart  pressures  are  generally  normal  in  congenital  complete 
heart  block;  the  right  ventricular  and  pulmonary  artery  systolic  pressures 
may  on  occasion  show  moderate  elevation  (7,  8).  The  systemic  and  pulmonary 
arterial  pulse  pressures  are  widened.  Ventricular  end-diastolic  pressures  are 
normal  or  minimally  elevated.  Exercise  data  in  both  acquired  and  congenital 
complete  heart  block  are  limited.  Escher  et  al.  (4)  exercised  four  patients 
(with  acquired  block j  with  fixed  ventricular  rates.  Cardiac  index  increased 
475  ml./M.-  Min.  for  an  increase  in  oxygen  consumption  of  87  ml./Min./M.-. 
The  variations  in  atrial  pressures  which  accompany  the  accidental  P-R  inter- 
vals in  acquired  complete  heart  block  are  also  characteristic  of  congenital 
heart  block  (6-8) .  Other  exercise  data  were  mentioned  earlier  (oa,  oh) . 

In  summary  therefore  it  is  apparent  that  there  are  definite  hemodynamic 
abnormalities  evident  in  most  patients  with  acquired  complete  heart  block  and 
slow  ventricular  rates.  These  findings  are  less  readily  evident  in  congenital 
complete  heart  block.  It  remains  for  future  study  and  discussion  to  determine 
whether  increases  in  rate  per  se  may  correct  some  or  all  of  these  changes. 

EFFECT  OF  VARIATION.S  IX  VENTRICULAR  RATE  UPON  HEMODYNAMIC 
DATA  IX  COMPLETE  HEART  BLOCK 

Most  of  the  data  relative  to  this  problem  has  been  obtained  in  the  course  of 
right  ventricular  outflow  tract  pacing  with  a  pacemaker  electrode  catheter 
utilizing  a  unipolar  catheter  (9),  with  a  bipolar  catheter  with  both  electrodes 
near  the  tij)  (10),  or  with  a  second  type  of  bipolar  electrode  catheter  in  which 
the  catheter  tip  is  placed  in  either  pulmonary  artery.  The  two  electrodes  on 
this  latter  catheter  are  15  and  18  cm  respectively  proximal  to  the  tip  and  are 
placed  of  course  in  the  right  ventricular  outflow  tract  ( 3 1 . 

Escher  et  al.  (4)  have  reported  studies  in  sixteen  patients.  The  cardiac  index 
was  generally  below  2  L./Min./M."  as  determined  by  the  Pick  principle.  Al- 
though the  individual  patient  data  have  not  been  published  in  full  detail,  tin 
information  is  available  in  graphic  form  (4).  In  all  .subjects  the  cardiac  mh-y 
rose  as  the  heart  rate  was  increased  from  the  slow  idioventricular  rat( 
faster  catheter  paced  ventricular  rates.  The  increments  in  cardiac  index  ran-' 
from  16  to  110  per  cent.  In  most  patients  the  cardiac  output  continued  to  n-' 
with  the  increase  in  heart  rate  within  the  range  tested.  The  maximum  rate  d 
increase  occurred  between  the  basic  idioventricular  rate  and  rates  in  the  rangi 
of  60  to  75.  In  several  subjects  cardiac  output  was  still  increasing  at  the  maxi 
mum  rate  tested,  i.e.,  that  between  100-120.  Two  subjects  exhibited  decrc.i- 
in  flow  at  rates  of  105  and  140.  It  is  essential  to  note  that  the  heart  rati 
which  the  cardiac  index  is  maximal  varied  from  patient  to  patient.  Since  ii 
increase  in  flow  was  proportionately  less  than  the  ri.se  in  rate,  stroke  voluiu 
fell  as  the  rate  rose.  It  is  of  interest  that  the  sinus  rate  did  not  vary  as  the  ven 
tricular  rate  was  altered.  Respiratory  rate  remained  unchanged  as  the  heai 
rate  was  increased.  The  arteriovenous  oxygen  difTerences  were  widened  durin 
idioventricular  rhythm  but  fell  as  the  heart  rate  and  canliac  index  rose.  I 
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some  i)atients  the  oxygen  consumption  was  subnormal  at  the  ichoventricuhir 
rate  (down  as  low  as  90  nil./I\Iin.M.-)  but  rose  with  increases  in  heart  rate. 
Overall  therefore,  more  normal  cardiac  output  and  related  parameters  were 
observed  as  the  ventricular  rates  increased.  Samet  et  al.  (3)  have  made  com- 
parable observations  in  seventeen  subjects  employing  the  indicator  dilution 
technique  with  indocyanine  gree  injected  into  the  right  heart  and  sam])led 
from  a  systemic  artery.  Five  jiatterns  of  response  to  increasing  ventricular 
rate  were  noted  (Fig.  3).  In  fivf  patients  the  rise  in  cardiac  index  with  in- 
creasing ventricular  rates  was  iniiiiinal,  less  than  10  per  cent.  In  six  patients 
the  output  rose  more  than  10  per  cent  with  rate  increments.  However  a  sec- 
ondary fall  in  output  was  observed  as  the  ventricular  rate  increased  further, 


\/AR\ATIONS  IN  CAQOIAC  INDICES  WITN 
INCQEASeO  \/£NTQICULAR  RATE 


Fiu.  3.  Effect  of  variations  in  lieait  rate  produced  by  a  right  \entricular  outflow  tract 
catheter  electrode  in  17  patients  with  complete  heart  block.  In  11  of  17  patients,  there  is  a 
significant  increase  in  cardiac  output  as  the  heart  rate  is  increased.  See  text  for  details. 

resulting  in  a  bell-shaped  curve  relating  output  and  rate.  Peak  cardiac  outputs 
were  generally  recorded  at  ventricular  rates  of  85-105  per  minute  but  maxi- 
mum outputs  were  also  noted  at  lower  ventricular  rates.  In  one  patient  cardiac 
index  continued  to  rise  progressively  as  the  rate  was  increased.  In  four  pa- 
tients the  control  cardiac  index  rose  more  than  10  per  cent  as  the  rate  rose,  to  a 
higher  level  which  however  remained  constant  as  further  rate  increments  were 
I  induced.  In  one  jiatient  the  maximum  cardiac  index  was  observed  at  the 
slowest  ventricular  rates  of  46-51.  At  higher  rates  more  than  a  10  per.  cent  fall 
in  cardiac  index  was  noted.  Cardiac  index  remained  constant  at  this  lower 
level  as  the  heart  rate  was  further  increased.  Rate  increments  were  therefore 
associated  with  output  increments  in  eleven  of  the  seventeen  patients  studied. 
Since  the  heart  rate  associated  with  a  jieak  cardiac  index  varied  from  patient 
to  patient,  prediction  of  the  optimal  rate  was  not  possible.  In  all  five  groups  of 
patients  stroke  volume  decreased  with  increases  in  heart  rate. 
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Other  investigators  have  publishi'd  comparable  data  in  smaller  groups  of 
patients.  Wade  and  Bishop  (111  have  rejiorted  data  in  eight  patients  with 
comjilete  heart  block.  Cjuoting  impublished  work  by  Segal  and  Hudson.  The 
relationshij)  between  heart  rate  and  cardiac  output  was  explored  at  two  levels  I 
of  oxygen  consumption,  i.e.,  at  rest  and  during  exercise.  The  averaged  resting  i 
control  cardiac  index  was  2.1  L.Min.  M.-.  Increase  in  the  heart  rate  to  the 
70-90  range  was  accompanied  by  a  rise  in  index  to  2.8.  Bcvegard  (12)  has  | 
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HEART  RATE 
MOURE  1 

Alterations  in  cardac  output  associated  nith 
changes  in  ventricular  rate.  The  different  symbols  in 
this  and  the  folloning  three  figures  indicate  the 
six  individual  dogs.  The  numbers  above  the  sym- 
bols indicate  observations  in  the  same  dog  on 
different  occasions.  Note  the  increase  in  cardiac 
output  when  the  ventricular  rate  is  increased  to 
above  60  beats  per  minute. 

Fig.  4.  Changes  in  cardiac  output  with  changes  in  ventricular  rate  in  the  dog  with  complet 
heart  block.  See  text  for  details.  From  Miller  el  al.  (16). 

studied  two  patients  with  complete  heart  block.  The  ventricles  were  pace 
by  electrodes  sutured  into  the  myocardium.  In  the  first  patient  the  Fick  cair 
diac  outputs  were  3.1,  3.7,  4.8,  6.1  and  5.5  L./Min.  at  heart  rates  of  22.  31,  o, 
74  and  109  respectively.  In  the  .second  patient  the  outputs  were  3.6,  4.4,  6.' 
6.7  and  6.3  L./Min.  at  rates  of  28,  55,  72.  91  and  99  respectively.  Stroke  volun 
fell  as  the  heart  rate  ro.se.  Lasry  (13j  found  only  minimal  (less  than  10  p< 
cent)  changes  in  output  in  a  single  subject  as  the  heart  rate  rose  from  a  contn 
of  62  to  a  maximum  rate  of  104.  Muller  and  Bellet  (14)  reported  increases 
output  with  rate  increments  in  five  jiatients  as  did  Haupt  et  al.  (lol  in  tv 
patients. 
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Judge  et  al.  {5a)  analyzed  the  effect  of  increasing  ventricular  rate  upon 
cardiac  output  in  twelve  subjects.  Patients  witli  initial  outputs  of  4.1  L./Min. 
exhibited  little  increase  when  the  heart  rate  rose  whereas  those  patients  with 
control  out]nits  of  3  L./Min.  or  less  more  often  tended  to  increase  their  output 
significantly.  At  heart  rates  of  60,  75,  90  and  110  respectively,  the  cardiac  out- 
puts were  4.1,  4.3,  4.5  and  4.6  L.Min.;  these  increments  represent  7%,  10% 
and  12%  rises  in  output  abov(>  control  levels  respectively. 

Benchimol  et  al.  (5b)  studied  one  45  year  old  male  in  complete  heart  block. 
At  a  rate  of  35  the  cardiac  index  was  1.46  L.  'Min./M.-.  As  the  heart  rate  was 


90      120      ISO     180      210  240 
HEART  RATE 
FIOURE  2 

Alterations  in  stroke  volume  associated  icith 
changes  in  ventricular  rate.  Note  that  the  stroke 
volume  remains  relativeli/  constant  at  rates  below 
60  and  then  decreases  progressively  as  ventricular 
rate  is  increased. 

Fig.  5.  Stroke  volume  change.s  with  increments  in  lieart  rate.  See  text  for  details 
Miller  ei  al.  (16). 


progressively  increased,  cardiac  index  reached  a  peak  of  3.39  L.  Alin./M.-  at 
a  ventricular  rate  of  76.  A  further  heart  rate  increment  to  100  per  minute  did 
not  further  alter  cardiac  index,  3.30  L./Min./M.-  INIarshall  (5c)  imcsti^atcd 
the  effect  of  increasing  ventricular  rate  upon  cardiac  output  in  comi)lete  heart 
block  by  catheter  electrode  right  ventricular  outflow  tract  pacing  in  8  subjects 
with  complete  heart  block.  Control  outi)ut  of  2.30  L.  Alin.  at  rates  of  34-42 
rose  to  3.63  L.Min.  at  lates  of  60-80  .M in.  At  faster  rates,  the  output  tended 
to  fall  slightly. 

Miller  et  al.  (16)  have  produced  surgical  complete  heart  block  in  the  dog  and 
analyzed  the  relationship  between  heart  rate  and  cardiac  output.  The  former 
was  controlled  by  a  right  ventricular  outflow  tract  catheter.  Increasing  the 
ventricular  rate  from  the  slower  idioventricular  rate  to  rates  of  60  resulted  in 
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u  p^oi>;l•es^^ive  rise  in  output.  Heart  rates  between  60-90  resultetl  in  modest  out- 
put increments.  Cardiac  output  remained  fixed  between  rates  of  90-150;  above 
150.  cardiac  output  fell  with  increasing  rates  (Fig.  4) .  Stroke  volume  remained 
constant  at  rates  below  60,  but  progicssively  decreased  at  higher  rates  (Fig. 
5).  Right  atrial  mean  and  right  ventricular  end-diastolic  pressures  were  ele- 
vated at  both  extremes  of  the  ventricular  rates  (Figs.  6,  7). 

Escher  et  al.  (4)  have  reported  the  effect  of  increasing  the  ventricular  rate  in 
sixteen  patients  via  a  riglit  ventricular  outflow  tract  catheter  upon  inilmonary 
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Alterations  in  the  mean  right  atrial  pressure 
associated  ^vith  changes  in  ventricular  rate.  Note 
the  elevated  mean  right  atrial  pressures  at  both 
high  and  low  ventricular  rates  with  lotver  pres- 
sures at  rates  of  60  to  150/min. 
Fig.  6.  Changes  iu  right  atrial  picssiiie  with  rate  cliangcs.  From  MiUcr  rt  «/.  (16). 


artery  systolic  pressure.  At  the  lower  heart  rates  systolic  pressure  was  oftci 
elevated,  up  to  85  mm  Hg.  As  the  heart  rate  and  cardiac  output  rose  durin 
pacing,  systolic  pulmonary  artery  pressure  fell.  In  a  small  group  with  norma 
control  pulmonary  artery  systolic  pressmcs,  the  latter  rose  with  increments  ii 
heart  rate.  Mean  pressure  changed  little  while  diastolic  j)ressure  rose  as  th 
rate  and  output  increased.  Pulmonary  artery  pulse  presstn-e  thus  narrows 
with  rate  increments.  Similar  changes  were  observed  in  systemic  arterial  pi  <- 
sures.  Comparable  data  were  foimd  by  Saraet  ct  al.  in  a  group  of  seven! i  i 
patients  (3). 

Three  studies  (11,  12,  15)  are  available  in  man  in  which  the  effect  of  varyin 
ventricular  rate  during  similar  exercise  loads  was  analyzed.  In  all  three  exei 
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cise  studios  oardiiic  output  rose  at  the  higher  ventricuL^r  rates  much  as  most 
studies  at  rest  have  demonstrated. 

In  summary,  these  observations  diu'ing  idioventricular  pacing  point  to  the 
importance  of  variation  in  lieart  rate  for  tlie  therapy  of  comi)lete  lieart  block. 
Recognition  of  this  fact  has  led  to  the  development  of  variable  rate  idioven- 
tricular jiacomakers.  (If).  17-20).  These  do  not  however  permit  synchroniza- 
tion of  atrial  and  ventricular  activity.  The  importance  of  the  latter  factor  will 
be  analyzed  next. 


90      120      150      leO      210  240 

HEART  RATE 
FIGURE  4 

Alterations  in  right  ventricular  end-diostoUc  pres- 
sure with  changes  in  ventricular  rate.  Note  simi- 
larity between  the  right  ventricidar  end-diastolic 
pressure  and  the  mean  right  atrial  pressure  (fig.  3). 

Fig.  7.  Changes  in  right  ventricular  end-diastolic  pressure  with  rate  changes.  Figs.  4-7 
from  same  series  of  dogs.  From  Miller  et  al.  (16). 


IMPORTANCE  OF  .\TRIAL  SYSTOLE  FOR  VENTRICULAR  FUNCTION 

The  above  discussion  has  demonstrated  that  there  are  clearcut  hemodynamic 
abnormalities  in  complete  heart  block  and  that  at  least  some  of  these  aberra- 
tions may  be  diminished  by  increasing  the  ventricular  rate.  Can  synchroniza- 
tion of  atrial  and  ventricular  activity  be  of  further  aid?  Animal  (21-29)  and 
clinical  (5,  30-35)  studies  strongly  suggest  an  answer  in  the  affirmative.  Bur- 
chell  has  recently  reviewed  the  importance  of  the  atrial  transport  function 
(33),  stressing  that  interest  in  atrial  function  has  redeveloped  of  late  because 
of  the  newly  available  direct  current  conversion  technique  for  atrial  fibrilla- 
tion, because  of  newly  designed  electronic  pacemakers  for  the  treatment  of 
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Fig.  4.  A,  LVED  =  left  ventricular  end  diastolic  pres- 
sure. L.  A.  mean  =  mean  left  atricd  pressure.  The 
open  circles  show  the  relation  between  left  ventricular 
end  diastolic  pressure  and  mean  atrial  pressure  during 
atrial  pacing  and  the  solid  circles  show  the  relation  be- 
tween these  two  variables  during  ventriculiir  pacing  at 
the  same  rate.  B,  the  relation  between  cardiac  output  in 
liters  per  minute  and  mean  atrial  pressure  in  cm.  HjO 
during  atrial  pacing  is  shown  by  the  open  circles  and 
during  ventricular  pacing  by  the  closed  circles. 

Fig.  8.  Relationship  between  left  atrial  mean  and  left  ventricular  end-dia.^tolic-  pressure, 
during  atrial  and  ventricular  pacing.  See  text  for  details.  From  Mitchell  el  al.  (22). 


Fig.  9.  Relation  between  left 
atrial  mean  pressure  and  cardiac 
output  during  atrial  and  vciitrifii- 
lar  i)acing.  Note  the  larger  oini  ui 
during  atrial  pacing.  From  Miii  lu  ll 
etal.  (22). 
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complete  heart  block  and  because  of  experimental  data  relative  to  tlie  physio- 
logic importance  of  atrial  function  for  ventricular  performance. 

SamofT  and  co-workers  (21-23,  26-28)  have  demonstrated  the  importance  of 
atrial  systole  for  maintenance  of  cardiac  output,  closure  of  the  atrio-ventricu- 
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Fig.  2.— Simultaneous  left  and  right  ventricular 
function  curves  (V.F.C.la)  and  V.F.C.ra)  from 
three  experiments.  In  each  instance  the  arrows 
indicate  the  change  in  mean  atrial  pressure  and 
ventricular  stroke  work  that  took  place  when  the 
stimulus  was  changed  from  atrium  to  ventricle. 
H.R.  =  heart  rate.  Bilateral  cervical  vagotomy 
and  left  stellate  ganglionectomy. 

Fig.  10.  Right  and  left  ventricular  function  curves  relative  to  atrial  and  ventricular  pacing, 
''entricular  stroke  work  is  consistently  greater  during  atrial  pacing.  From  Gilmore  et  al.  (27). 
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lar  valve  and  for  prevention  of  insuflSciency  at  the  latter  valve.  The  signifi- 
cance of  the  exact  temporal  relationship  between  atrial  and  ventricular  activ- 
ity has  been  examined.  At  the  same  left  atrial  mean  pressure,  left  ventricular 
end-diastolic  pressure  and  cardiac  output  are  both  greater  during  atrial  as 
compared  to  ventricular  pacing  (Figs.  8,  9).  Left  and  right  ventricular  stroke 
work  (Fig.  10)  are  also  larger  during  atrial  pacing.  These  differences  during 
atrial  pacing  are  attributed  to  the  atrial  "kick"'  provided  by  atrial  systole. 
Atrial  systole  at  a  normal  As-Vs  (or  P-R)  interval  of  80  millisecs.  provides 
maximal  stroke  work  and  stroke  volume  and  aortic  mean  pressures,  while 


T.ABLE  I .  Hemodynamic  effei  ls  of  lengthening  and  shortening 
the  interval  between  atrial  systole  and  ventricular  systole 
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Values  arc  mean  and  standard  error  As-\'s  =  atrial  systole- 
ventricular  systole  interval  in  msec;  ML.AP  =  mean  left  atrial 
pressure;  MAP  =  mean  aortic  pressure;  MLAP-LV'EDP  = 
mean  left  atrial  pressure  minus  left  ventricular  end-diastolic 
pressure.  Prolonged  As-Vs  interval  =  43  observations  in  1 1 
animals.  Shortened  As-Vs  interval  =  29  observations  in  9  ani- 
mals. .\\erage  ventricular  rate  for  the  group  in  which  the  As-Vs 
interval  was  prolonged  was  146,  and  for  the  group  where  the 
As-Vs  interval  was  shortened  was  148. 

Fig.  11.  Effect  of  P-R  inter\  al  on  cardiova-scular  dynamics  in  the  dog.  Increase  or  decrease 
of  the  P-R  inter\  al  lowers  aortic  pressure  and  cardiac  output.  From  Skinner  el  al.  (28). 

mean  left  atrial  pressures  are  minimal  (Figs.  11,  12).  Increase  or  decrease  of 
the  P-R  intervals  to  abnormal  levels  results  in  a  decrease  in  output  and  pe- 
ripheral arterial  pressure  and  a  ri.se  in  mean  left  atrial  pressure.  Such  abnor- 
mal P-R  intervals  are  also  associated  with  mitral  insufficiency  (Fig.  13). 
Stephenson  and  Brockman  (36 j  recorded  aortic  pressure  in  five  dogs  with  sur- 
gically produced  complete  heart  block,  during  idioventricular  and  P  wave 
synchronous  pacing.  The  average  mean  aortic  pressure  was  149  mm  Hg  during 
atrial  pacing,  and  132  mm  Hg  during  ventricular  pacing.  Brockman  (29)  has 
analyzed  atrial  and  ventricular  pressure  curves  in  dogs  with  surgically  pro- 
duced complete  heart  block.  He  noted  that  atrial  contraction  propagated  a 
pressure  wave  toward  the  ventricle.  The  latter  pressure  wave  produced  a  nega- 
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Fig.  13.  EFf. n 
after  left  vcntncuh 
interval  results  in  ( 
Skinner  et  al.  (28). 


I'-Pi  interval  on  production  of  mitral  insufficiency.  Left  atrial  sampling 
:  111.11  i  tion  of  ascorbic  acid.  Shortening  or  lengthening  of  the  normal  P-R 
lily  left  atrial  appearance  of  ascorbic  acid,  i.e.,  mitral  insufficiency.  From 


tive  difference  in  atrio-ventricular  pressure,  i.e.,  with  atrial  pressure  less  than 
ventricular,  with  subsequent  closure  of  the  atrio-ventricular  valve.  The  nega- 
tive difference  in  atrio-ventricular  jiressure  was  greatest  at  a  normal  "P-R" 
interval  of  about  0.15  sec,  and  fell  rapidly  as  the  accidental  "P-R"'  interval 
decreased  or  increased  from  the  0.15  sec  level  in  these  animals  with  complete 
heart  block  (Fig.  14).  In  addition,  Brockman  noted  that  atrial  systole  pro- 
duced a  rise  in  ventricular  end-diastolic  pressure  and  fiber  length  with  a  re- 
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Fic  'i  Effect  <)l  atrial  contraction  on  cnd-cllasiolic  left  nirial 
and  left  vrntritiihii  |>n-s»ure  ovrr  a  wide  lange  of  AS-VS  inlor- 
vals  Lowrr  nirvc  i:*  the  diircrrnliiil  prcMiirr  Lx-turcn  iitiium  an<l 
ventricle  at  rnd-di.i^toliv  Portion  ol  tin-  <  ui  v<  Ix  low  tlir  line  in- 
dicating Zero  difri  rcntiiil  prcMiirr  i<  tin-  (xxitive  dilFti <  n<c  in  A-V 
|)itri«iir«;  .ind  tlir  jxirtion  of  ihr  i  iiiM  alxivr  this  linr  is  the  ncga- 
li\e  diirricnir  in  A-\'  pri-Miiir  Curve  {onstriutfd  I'roin  the 
ari^ilyiii  of  n  large  niinibei  of  venii  iciii.ii  btais  lioin  a  dog  with 
coinpU-ie  A-\'  block 

Fig.  14.  Efifect  of  accidental  "P-R"  interval  upon  alrio-ventricular  pressure  differences  in^ 
dogs  with  surgically  produced  complete  heart  block.  See  text  for  detail.  From  Brockman  (29).' 

suiting  augmentation  in  ventricular  response.  At  the  most  ideal  'T-R"  inci- 
dental inten-al  of  0.15  sec,  aortic  pressure,  stroke  volume,  and  left  ventriculaii 
stroke  work  were  maximal  (Fig.  15).  Sarnoff  has  also  concluded  from  experi-i 
mental  studies  that  atrial  systole  may  play  a  role  in  do.sure  of  the  atrio-ven-. 
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tricular  valve  (26 1.  Grant  ct  al.  (So I  liavc  conu'  to  a  similar  view  after  right 
heart  catheterization  in  man  with  complete  heart  block.  Atrial  sy.stole  ele- 
vated ventricular  pressure  by  1-3  mm  Hg,  with  development  of  a  reverse  or 
negative  atrio-ventricular  gradient  and  closure  of  the  tricuspid  valve  (Fig.  16). 
These  recent  studies  have  reinforced  the  earlier  conclusions  of  Gesell  (24), 
Wiggers  (25)  ,  and  Jochim  (37a)  as  to  the  importance  of  atrial  systole. 

Data  leading  to  similar  inferences  arc  available  via  studies  in  man.  Braim- 


Fic  4  Effective  coiilribuiiiHi 
oi  atrial  conlraclion  to  aonir 
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of  a  large  niiinlx  i  <if  ventric  ulai 
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I  A-V  I.I.Rk 

Fig.  15.  Same  group  of  experimental  animals  a.s  in  Fig.  14.  Effeet  of  P-R  interval  upon 
hemodynamic  parameters.  From  Brockman  (29). 

wald  and  Frahm  (30j  investigated  the  relationship  between  mean  left  atrial 
pressure  and  left  ventricular  end-diastolic  pressure  in  man.  Transient  atrio- 
ventricular cUssociation  occurred  during  left  heart  catheterization  in  a.  patient 
ivith  aortic  stenosis.  Four  pressure  pulses  of  the  left  ventricle  and  brachial 
irtery  were  illustrated  together  with  the  electrocardiogram  (Fig.  17).  In  the 
irst  beat  the  P-R  interval  was  0.19  sec;  in  the  second  beat  the  P-R  interval 
.vas  0.13  sec;  in  the  third  beat  the  P  wave  was  hidden  within  the  QRS  com- 
)lex;  in  the  fourth  beat  the  P  wave  followed  the  QRS  comjilex  and  the  R-P 
nterval  was  0.13  sec.  The  respective  left  ventricular  end-diastolic  pressures 
vere  30,  21,  15  and  12  mm  Hg  suggesting  a  progressive  decrease  in  left  \-en- 
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tricular  filling  as  the  temporal  relationship  of  atrial  and  ventricular  contrac- 
tion was  altered.  Further  evidence  for  such  an  interpretation  of  the  effect  of 
changing  the  sequence  of  atrial  and  ventricular  activity  lay  in  the  progressive 
fall  of  systolic  pressure  in  the  brachial  artery  during  these  four  beats — 142, 
139.  128  and  120  mm  Hg  resi)ectively.  The  corresponding  left  ventricular  sys- 
tole ]>ressures  were  233,  225.  202  and  194.  The  duration  of  left  ventricular 


A  D 


Fio.  2-S.  Records  of  right  heart  catheterization  showing;  the  effect  of  isolated  atrial  contractions  on  atrial  and  ventricular 
pressures.  Ventricular  pressure  is  elevated  by  1  to  3  mm.  Hg  at  the  end  of  the  atrial  contraction  cycle,  while  aerial  pres- 
sure has  returned  to  its  previous  level,  so  that  a  reverse  gradient  has  developed  across  the  tricuspid  valve.  In  Figure  2.\. 
the  ventricular  pressure  curve  has  been  separated  slightly  from  the  atrial  record.  I,SB4,  IIP  =  high  frequency  phono- 
cardiotjram  from  the  fourth  intercostal  space,  left  sternal  border  (400  to  2,000  c.p.f.).  I.SB.S  =  phonocardiogram  from 
Che  fifth  intrrroBial  space,  left  sternal  border  (low  frequency,  40  to  200  c.p.s.). 

Fk;.  16.  Kijrlit  atrial  and  voni i  n  nln  pK-^un-  furvo  in  patient  with  coniploto  lipait  block. 
Tran.sient  reversal  of  atrioventricnl.i  i  ]  k  --uk  <rradient,  with  atrial  preK«uie  less  than  ventricu- 
lar; atrial  systole  may  thus  play  a  mli  m  (  lu-urc  of  the  tricuspid  valve.  From  Grant  et  al.  (35). 

systole,  the  peak  left  vcntriculai-tjrachial  artery  gradient  and  the  tension 
time  index  in  mm  Hg-sec  al.<o  underwent  ])rogressive  decreases.  Samet  et  al 
(5,  31)  have  published  striking  examples  of  the  effect  of  changes  in  P-QR& 
temporal  relationships  upon  right  and  left  heart  and  systemic  arterial  pres- 
sures during  idioventricular  rhythm  and  pacer  rhythm  in  patients  in  complete 
heart  block.  Normal  "P-R"  intervals  are  a.ssociated  with  higher  systemi( 
arterial  curves  and  more  normal  right  atrial  pressures  than  when  the  P  w;i\  ' 
is  buried  within  or  follows  the  QRS  complex  (Fig.  18).  The  cyclic  variations  ii 
femoral  artery  and  right  heart  curves  make  a  striking  picttuT  (Figs.  19,  20i 
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Left  ventricular  cml-diastolic  i)rcssure  is  considerably  higher  during  sinus 
rhythm  than  during  atrial  fibrillation,  in  a  |)atient  with  aortic  valve  disease, 
despite  the  more  rapid  rate  during  the  atrial  anhytlimia  (Figs.  21,  22).  The 
absence  of  coordinated  atrial  and  ventricular  activity  during  a  series  of  ven- 
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Fig.  17.  Hemodynamic  effect  of  transient  atrio-ventricular  dis.-<ociation  in  patient  with 
vortic  stenosis.  See  text  for  details.  From  Braunwald  and  Frahm  (30). 

tricular  premature  beats  is  also  reflected  in  the  lower  left  ventricular  cnd- 
iiastolic  pressure  during  the  aberrant  beats  (Fig.  23).  Escher  ct  (tl.  I4i  have 
•ecently  published  right  heart  and  systemic  arterial  pressure  curves  sliowing 
similar  variations  in  response  to  variations  in  the  P-QRS  temporal  relation- 
•hips.  These  observations  demonstrate  that  properly  timed  atrial  systole  per- 
nits  an  increase  in  ventricular  contractile  force  without  elevation  of  atrial 
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mean  pressure  by  the  mechanism  of  tlie  "atrial  kick"  contribution  to  ventricu- 
\ar  end-diastolic  pressure. 

Judge  ct  al.  (5a I  have  also  shown  the  importance  of  atrial  systole  in  cardio- 
vascular dynamics,  in  two  initients  with  complete  heart  block  treated  with 
implantation  of  left  ventricular  variable  rate  pacemakers.  In  both  subjects 
the  pacemaker  rate  was  adjusted  with  an  external  control  unit  until  the  ven- 

a  Reu  Complete  Heart  Block 


Fig.  18.  Electrocardiogram  and  femoral  ait(-n-  and  siii)eiic)r  vena  v:iv;i  cmvef^.  Temporal 
changes  in  the  P-QRS  inter\-als  are  associated  with  femoral  artery  pressure  level  changes  as 
well  as  ventricularization  of  the  superior  vena  cava  curve  highly  suggestive  of  tricuspid  in- 
sufficiency. Catheter  electrode  right  ventricular  pacing  in  patient  with  comijlete  heart  block. 
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Fig.  19.  Cornplitc  heart  block  patient;  iinplaiif  ed  idiox  cut  ricuLir  ]  .acemaker.  Note  marked 
variations  in  systfinic  arterial  pressme  levels  with  variation.-  in  llic  P-(^HS  time  relations. 

triciilar  and  atrial  rates  were  identical  with  a  "P-H"  interval  of  ai)out  0.20 
sec.  Stroke  volume  and  cardiac  output  were  significantly  higher  when  atrial 
contraction  preceded  ventricular  activity  than  when  the  two  chambers  con- 
tracted independently  but  at  the  same  ventricular  rate.  In  one  patient  at  a 
rate  of  60,  cardiac  output  was  6.0  L.Min.  during  coordinaterl  activity  but 
only  4.8  when  atrial  and  ventricular  activity  were  non-coordinated.  In  the 
•■second  patient  at  a  ventricular  rate  of  102,  the  cardiac  output  rose  from  o.l 
to  6.1  L./Min.  when  coordination  was  established.  The  duration  of  ventricular 
injection  increased  when  atrial  activity  preceded  ventricular  contraction  by 


HEMODYNAMIC  CONSIDERATIO.NS   IX   (  OMl'I.KTK  HEART  HLOC'K 


171 


0.20  st'c.  Marshall  (5c)  hat:  also  reported  marked  systemic  arterial  l)lood  pres- 
suie  variations  during  catheter  electrode  idioventricular  pacing  in  patients 
with  comjilete  heart  block.  These  pressure  fluctuations  amounted  to  as  much 
as  48  mm  II<;;. 

M.  Ros.  Complete  Heart  Block. 

9/14/62 


Fig.  20.  Pulnu)n;ii\  i.  ni.ii.il  .mny  and  rifiht  ati'ial  pressure  curves  during  right  ven- 
tricular catheter  iianim  111  ,1  p  iiK  III  Willi  rniiiplcte  lieart  block.  Note  marked  repetitive  varia- 
tion in  arterial  pre.-sun  le\  i  l<  and  apiii  aramc  of  intermittent  giant  "a"  waves  in  right  atrial 
curve. 

P.Faj    Aortic  Stenosis  &  Minor  Insufficiency 


Sinus  Rhythm  VR  90 


rr 

1  Sec. 

/'27  y^ 

Fig.  21.  Patient  with  aortic  valve  disease  during  sinus  rhytiim.  Left  ventricular  diastolic 
pressure  varies  from  25-30  mm.Hg. 

The  effect  of  the  atrial  systolic  contribution  to  ventricular  filling  and  cardiac 
output  has  also  been  studied.  The  work  of  Sarnoff  ct  al.  has  been  referred  to 
previously  (21-23,  26-28).  Stephenson  and  Brockman  (36)  have  determined 
the  stroke  volume  in  five  dogs  wdth  complete  heart  block  during  atrial  and  dur- 
ing ventricular  pacing  at  the  same  ventricular  rate.  The  stroke  volume  during 
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the  former  ty])e  of  pacing  was  13.0  ml  eom])are(l  to  11.4  ml  during  idioven- 
tricular pacing.  Sellers  ct  al.  found  a  15  per  cent  increment  in  cardiac  output 
when  atrial  systole  preceded  ventricular  activity  (37).  ]\Iitchell  et  al.  reported 
a  19  per  cent  increment  in  output  under  the  same  conditions  (38) .  Comparable 
data  are  available  in  man.  Escher  et  al.  (4)  studied  four  patients  at  rest  during 

P.  Faj    Aortic  Stenosis  S  Minor  Insufficiency 


Fig.  22.  Same  patient  as  in  Fig. 
21.  During  atrial  fibrillation,  with- 
out the  contribution  of  atrial  sys- 
tole, left  ventricular  end-diastohc 
pressure  falls  to  levels  of  11-17. 


Fibrillation 


^12    ^15   ^>|2  H 


"Sir 


P  Faj    Aortic  Stenosis  8  Minor  Insufficiency 


Effect  of  V.PC. 


,Vl5  , 


Fig.  23.  Same  patient  as  in  Fig.  21-22.  Bigeminal  rhythm,  with  ventricular  premature  beats 
alternating  with  sinus  conducted  beats.  Note  the  higher  left  ventricular  end-diastolic  pres- 
sure during  sinus  rhythm.  Systolic  left  ventricular  sj'stolic  peaks  are  oflf  the  top  of  the  paper. 
The  contribution  of  atrial  sj-stole  to  left  ventricular  end-diastolic  pressure  is  evident. 


atrial  and  ventricular  pacing  at  similar  heart  rates.  Cardiac  index  averaged 
20%  greater  fluring  atrial  pacing.  Nathan  et  al.  (34)  have  performed  com- 
pari.^on  of  cardiac  index  during  synchronous  atrio-ventricular  pacing  and  dur- 
ing idioventricular  pacing  in  four  .subjects.  At  least  two  months  elapsed  be- 
tween the  first  (idioventricular)  and  second  (synchronous)  study  in  the  same 
I)aticnt.  Heart  rates  were  similar  but  not  necessarily  identical  during  the  two 
stuflie.'".  In  one  patient  carfliac  index  was  similar  during  both  pacing  tcch- 
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niques.  In  the  other  thnr,  the  canliac  index  averaged  about  18  i)er  cent  more 
during  synchronous  atrial  than  during  idioventricular  pacing.  In  another,  as 
yet  unpublished  study  from  the  jiresent  authors'  laboratory,  the  effect  of  atrial 
and  ventricular  pacing  by  a  bipolar  electrode  catheter  placed  first  in  the  right 
ventricular  outflow  tract  and  thence  in  the  right  atrial  cavity  has  been  deter- 
mined. Some  preliminary  results  in  two  patients  are  shown  in  Tables  I  and  II, 

TABLE  r 


Cardiac  Index  Dining  Atrial  and  Ventricular  Paciny,  and  During 
Control  Sinus  Rhythm 


Rhythm 

Cardiac  Index  (L./Min./M.2) 

Ventricular  Rate  (/Min.) 

NSR 

3.01 

74 

V.P. 

2.92 

95 

V.P. 

2.35 

105 

V.P. 

2.17 

122 

NSR 

2.96 

71 

A. P. 

3.12 

96 

A. P. 

3.16 

105 

A. P. 

3.10 

122 

A. P. 

2.77 

128 

^'.P.  =  ^'entricular  Pacing. 
A. P.  =  Atrial  Pacing. 

Diagnosis:  Obstructive  inilnionary  emphysema  with  cor  piUmonale. 


TABLE  II 

Cardiac  Index  During  Atrial  and  Ventricular  Pacing  and  During  Sinus  Rhythm 


Rhythm 

Cardiac  Inde.x  (,L./Min./M.- 1 

Ventricular  Rate  (/Min.) 

NSR 

2.26 

96 

VP. 

1.73 

99 

V.P. 

1.54 

105 

NSR 

2.13 

95 

A. P. 

2.20 

108 

A.P. 

2.42 

124 

A.P. 

2.87 

125 

Diagnosis:  Obstructive  puhnonary  emphysema  without  cor  puhnonale. 


and  these  again  demonstrate  the  important  contribution  of  atrial  systole  to- 
ward maintenance  of  cardiac  output.  It  is  as  yet  too  early  to  determine 
whether  this  pattern  of  outi)ut  change  with  rate  change  is  uniformly  >een  in 
man. 

The  role  of  atrial  systole  may  also  be  emphasized  by  a  consideration  of  the 
hemodynamic  changes  that  accompany  atrial  fibrillation.  Cardiac  output  de- 
creases during  atrial  fibrillation  (32,  39)  and  atrial  flutter  (40).  At  least  some 
of  this  decrease  in  output  may  be  caused  by  atrioventricular  regurgitation 
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(21.  41.  421.  Burclic'll  has  recrntly  cautiomMl  ai2;aiii.<t  ovcrt'nipha.-^izing  the 
honiodynamic  alniorinalities  caused  by  atrial  fibriUation  (331,  and  has  quoted 
unpublished  data  of  Williams  and  Wood  demonstrating  that  there  is  no  in- 
crease in  regurgitant  flow  through  the  mitral  valve  during  atrial  fii)rillation  so 
long  as  a  regular  ventricular  rate  is  maintained  by  electrical  stimulation.  There 
is  little  doubt  however  that  the  onset  of  atrial  fil)rillation  often  has  serious 
hemodynamic  and  clinical  consetiuences.  especially  in  the  presence  of  signifi- 
cant heart  disease. 

In  summary  therefore,  some  answers  art'  available  to  the  (piestions  posed  at 
the  onset  of  this  paper.  There  are  definite  hemodynamic  al)normalities  in  pa- 
tients with  complete  heart  block.  These  al)norinalities  are  at  least  partially 
corrected  by  increments  in  ventriculai-  late  even  dui-ing  idioventricular  jiacing. 
Synchronization  of  atrial  and  ventriculai'  a(•ti^■ity  is  of  further  benefit  for  cor- 
rection of  the  abnormal  hemodynauiic  state  in  conijiK'te  heart  i)lock.  The  role 
of  atrial  systole  is  ]n-obal)ly  more  important  in  patients  with  heart  disease 
than  in  subjects  with  normal  hearts.  It  seems  clear  that  the  future  of  iiiii)lanted 
jiacemakers  lies  in  the  direction  of  synchronous  atrio-ventricular  pacemakers. 

sr.MMAKV 

The  physiologic  ai)n()rmalities  ])roduced  l)y  comi)lete  heart  block  have  been 
analyzed.  The  effect  of  increases  in  heart  rate  u])on  these  hemodynamic 
changes  in  complete  heart  block  ha\-e  been  answered  by  a  study  of  the  data 
available  from  the  literature  as  well  as  data  from  this  laboratory.  The  poten- 
tial additional  benefits  available  from  synchronization  of  atrial  and  ventricu- 
lar activity  have  been  reviewed.  This  analysis  leads  to  the  conclusion  that 
synchronized  atrio-ventricular  ])aceiiiakers  olTei-  the  best  ])otential  for  correc- 
tion of  the  hemodynamic  abnormalities  found  in  i)atients  with  complete  heart 
block. 

ADDENDUM 

Since  this  jjaper  was  completed,  the  data  of  Segal  and  Hudson,  previously 
mentioned  only  in  ])reliniinary  form  by  \\'ade  and  Bishop  (111,  have  been 
published  in  full  (Segal,  X.,  Hudson.  \V.  .\.,  Harris.  P..  and  Bishop,  J.  M.:  The 
Circulatory  Effects  of  Electrically  Induced  Changes  in  Ventricular  Rate  at 
Rest  and  During  Exercise  in  Complete  Heart  Block.  J.  Clin.  Invest.,  43:  1541, 
1964).  Fourteen  patients  were  studied,  one  with  congenital  and  thirteen  with 
acc|uire<l  complete  heart  block.  Measurements  of  cardiac  outi)ut  and  right 
heart  and  .'systemic  arterial  pressures  were  made  during  the  idioventricular 
rate,  and  at  three  higher  rates,  .W-G")  beats  Min.,  70-83  and  85-100  beats/Min., 
])roduced  by  right  ventricular  cavity  pacing.  Cardiac  output  generally  rose 
(sometimes  to  normal  levels)  with  increasing  rate  to  reach  a  maximum  at 
70-83  beats  AIin.  However  much  as  in  the  group  of  seventeen  patients  studied 
in  our  laboratory,  various  types  of  cardiac  outjjut  responses  were  observed 
by  Segal  ct  al.  In  two  patients  cardiac  output  changed  little  as  the  ventricular 
rate  was  increa.-^ed ;  in  twelve  a  significant  increase  occurred.  Rate  increases 
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above  70-83  resulted  in  a  fall  in  output  in  six  patients;  in  three  no  change  was 
observed  and  in  five  a  slight  increase  (O.t-0.2  I..  .Min.  M.-'  was  noted  i.  Stroke 
volume  progressively  fell  witli  i-ate  increments  at  all  levels.  Biacliial  and  pul- 
monary arterial  mean  and  diastolic  pressures  rose  as  the  heart  rate  increased 
but  systolic  pressures  changed  little.  Pulmonary  artery  wedge  pressure  was 
not  altered  as  ventricular  rate  rose. 

The  same  authors  studied  twelve  patients  during  exercise  at  idioventricular 
rates  and  during  catheter  controlled  heart  rates  of  50-100.  The  cardiac  output 
was  higher  during  the  larger  heart  rates  (cardiac  index  3.0  and  4.0  at  the  idio- 
ventricularly  and  catheter  stimulated  rates  respectively).  However  differences 
in  oxygen  consumption  during  the  two  excicix'  periods  (354  and  415  ml./Min./ 
M.-  during  the  idioventricular  and  catheter  exercise  ])ei'iods  res])ectively) 
complicate  the  interjiretation  of  the  exercise  output  data.  The  arterial-mixed 
venous  oxygen  differences  wert'  12,2  vol.  per  cent  during  exercise  at  the  idio- 
A^entricular  rate  (39  Min.i  and  oidy  10.8  vol.  ])er  cent  during  the  higher  rate 
(79  Min. I  catheter  controlled  rate  suggesting  a  true  increase  in  cardiac  outjnit 
above  and  beyond  that  due  to  the  larger  oxygen  consumption  in  the  latter 
exercise  period. 

All  in  all  these  most  lecent  data  of  Segal,  Hudson  et  al.  agree  with  most  of 
the  observations  rejjorted  in  the  ])resent  review  of  this  field. 
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Physiological  Basis  for  Assisted  Circulation 


PIERRE  M.  GALLETTI,  M.D.,  Pii  D.t 

The  development  of  blood  pumping  techniques  for  "assisted  circulation'"  is 
often  regarded  as  a  natural  outgrowth  of  extracorporeal  blood  circulation  and 
arterialization  for  the  i)uri)ose  of  open-heart  surgery,  as  it  developed  in  the  late 
1950's.  Indeed  once  the  punip-oxygenator  was  recognized  as  an  efficient  clinical 
tool  in  cardiac  surgery,  several  investigators  proposed  to  use  it  for  assistance 
to  the  failing  heart.  The  rationale  was  that  if  pump  oxygenators  could  rei)lace 
the  entire  function  of  the  heart  and  lungs  for  a  few  hours,  a  fortiori  they  should 
make  a  partial  substitution  of  these  organs  possible.  This  approach  to  the 
problem  of  assisted  circulation  tends  to  make  us  forget  that  even  before  the 
advent  of  open-heart  surgery,  assisted  circulation  was  envisioned  from  a  quite 
different  viewpoint.  To  mention  but  a  few  names,  Brukhonenko  (1)  suggested 
a  "parallel  blood  circulation"  to  complement  pulmonary  gas  exchange.  Dogli- 
otti  (2)  employed  perfusion  techniques  to  prepare  patients  for  surgery,  thereby 
enabling  them  to  withstand  extensive  thoracic  operations.  Salisbury  (3 1  pio- 
neered in  extracorporeal  blood  circulation  for  the  ])ur])()se  of  metabolic  assist- 
ance during  renal  or  hepatic  failure. 

The  concept  of  assisted  circulation  nowadays  imi)lies  three  basic  considera- 
tions: (a)  Artificial  organs  and  extracorporeal  blood  circuits  are  expected 
only  to  complement  cardiac,  respiratory  or  renal  function.  Thus  the  blood  flow 
recjuired  is  less  than  for  open-heart  surgery.  Blood  trauma  is  not  a  limiting 
factor,  and  circulatory  assistance  can  be  envisioned  for  periods  of  one  or  several 
days,  (bl  Since  assisted  circulation  cannot  yet  be  carried  out  indefinitely,  the 
clinical  indications  are  limited  to  reversible  conditions,  in  which  there  is  hope 
that  temporary  sup])ort  may  bridge  over  the  acute  phase  of  functional  impair- 
ment of  the  heart,  lungs,  kidneys  or  liver,  (c)  Because  assisted  circulation  is  to 
be  carried  out  while  some  degree  of  "normal"  circulation  is  still  present,  the 
artificial  organs  must  be  employed  in  a  way  which  does  not  burden  or  com- 
pete with  the  natural  ones.  On  the  contrary  one  must  seek  the  |)roper  harmoni- 
zation of  natural  and  artificial  function  (4). 

These  considerations  make  it  clear  that  assisted  circulation  is  a  more  com- 
plex undertaking  than  the  simple,  temporary  rejjlacement  of  the  heart  and 
lungs  required  for  open-heart  surgery.  Incidentally,  they  may  also  explain  why 
clinical  attempts  of  assisted  circulation  have  so  far  not  met  great  success.  While 
the  usual  scheme  of  circulation  is  still  in  action,  assisted  circulation  interferes 
with  a  number  of  homeostatic  mechanisms  which  normally  maintain  the  in- 
tegrity of  the  organism.  With  these  procedures,  much  needs  to  be  learned  to 
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solve  or  prevent  technical  difficulties  which  often  outweigh  the  potential  benefit 
of  assisted  circulation.  All  experimental  data  rejwrted  here  were  collected  in 
normal  animals,  because  of  the  necessity  to  investigate  the  I'csults  of  assisted 
circulation  procedures  under  physiologic  conditions  before  ajiplying  them 
reasonably  and  with  some  chance  of  success  to  clinical  situations. 

Let  us  start  by  contrasting  ix'latixcly  simple  emergency  situations  which 
constitute  the  accepted  I'ealm  of  i-csuscitation,  with  the  less  acute  and  more 
complex  situations  for  which  some  form  of  assisted  cii-cuhition  might  he  con- 
sidered (Table  I).  Indeetl  resuscitation  already  looks  beyond  the  immediate 
problems  of  acute  anoxia  and  cardiac  arrest.  In  this  light,  assisted  circulation 
may  soon  Ijecome  a  jirovince  of  resuscitation.  For  tliat  purpose  however,  it 
must  involve  more  than  extracorjioreal  ])unii)ing  of  blood.  Several  ancillary 

TABLE  I 


Patho-physiological  I ndications  for  a)  Resuscitation;  b)  Assisted  Circulation 


Resuscitation 

Assisted  Circulation 

Apnea 

Progressive  asphyxia 

Cardiac  arrest 

Chronic  hypoxia 

E.xsanguinating  hemorrhage 

Chronic  CO2  retention 

Cardiac  failure 

Cardiocirculatory  .shock 

Severe  metabolic  acidosis 

Renal  coma 

Hepatic  ccjma 

Exogenous  intoxication 

Heat  stroke 

Accidental  hypothermia 

techniques  must  be  called  upon  to  answer  specific  needs  in  terms  of  gas,  water 
and  solute  exchange. 

In  the  clinical  conditions  listed  in  Table  I,  assisted  circulation  can  be  ana- 
lysed in  terms  of  the  primary  need  for  assistance;  failure  of  the  heart  to  eject 
blood,  failure  of  the  circulatory  system  to  distribute  blood  to  the  tissues,  fail- 
ure of  the  lungs  to  exchange  gases  adequately,  failure  of  the  organism  as  a 
whole  to  excrete  waste  products  and  to  maintain  its  water  and  solute  balance. 
Schematically,  these  are  indications  for  what  we  call  respectively  cardiac 
assistance,  circulatory  assistance,  respiratory  assistance,  and  metabolic  assist- 
ance. Obviously  this  scheme  can  be  accepted  only  as  a  first  approximation. 
The  effect  of  the  intended  therapeutic  maneuvers  upon  the  organi.sm  as  a  whole 
needs  always  to  be  considered. 

CIRCULATORY  ASSISTANCE 

In  case  of  circulatory  failure,  the  efficacy  of  mechanical  assistance  can  be 
ascertained  by  a  number  of  simple  criteria:  increase  in  artei'ial  pressure,  de- 
crease in  venous  pressure,  narrowing  of  the  arterio-venous  oxygen  dift'erence, 
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compensation  of  metabolic  acidosis,  imjirovement  in  tlic  EEG.  the  ECG.  or  in 
urine  flow.  The  most  extensively  studieti  technique  for  circulatory  assistance  is 
that  of  "veno-arterial  pumping."  which  combines  continuous  phlebotomy  with 
continuous  arterial  transfusion.  A\'ith  this  procedure,  part  of  the  blood  return- 
ing to  the  caval  veins  is  shifted  from  the  normal  channels  into  an  extracor- 
poreal circuit,  to  be  later  infused  into  a  jieripheral  artery.  In  normal  subjects 
pulmonary  blood  flow  is  decreased  in  proportion  to  extracorporeal  flow,  yet 
systemic  blood  flow  remains  constant.  The  equipment  required  for  veno-arterial 
liumi)ing  is  remarkably  simple  and  thus  entails  minimal  blood  trauma.  The 
procedure  can  be  carried  out  for  several  days  (5).  However,  the  return  of 
venous  blood  to  the  femoral  artery  implies  that  the  lower  part  of  the  body  is 
perfused  with  blood  of  lower  oxygen  content,  with  the  risk  of  hypoxic  acidosis. 
In  ])ractice,  it  serves  little  purpose  to  carry  more  than  50  i)er  cent  of  the  basal 
cardiac  output  by  veno-arterial  pumping. 

There  is  a  situation  where  this  metabolic  limitation  to  veno-arterial  pump- 
ing does  not  prevail.  In  some  congenital  heart  malformations,  fully  saturated 
blood  can  be  withdrawn  from  a  cardiac  cavity  through  a  venous  catheter, 
later  infused  directly  into  an  artery  to  prevent  mixing  with  poorly  oxygenated 
blood.  Si)ecially  designed  cardiac  catheters  employed  in  conjunction  with  the 
[McNeill-Collins  pum])  carry  blood  flows  in  excess  of  100  ml  min  (Fig.  1).  In 
puppies,  jierfusion  can  be  carried  out  for  10  hours  with  virtually  no  blood 
damage.  This  technique  may  be  employed  in  the  cardiac  catheterization  labo- 
ratory for  a  short  test  of  the  potential  value  of  assisted  circulation. 

If  an  artificial  lung  is  inserted  in  an  extracorporeal  circuit  for  veno-arterial 
pumping  ("veno-arterial  oxygenation"  or  "partial  heart-lung  bypass"),  pul- 
monary gas  exchange  is  also  sui)plemented  (Fig.  9).  In  other  words,  partial 
heart-lung  bypass  substitutes  for  pulmonary  blood  flow  while  maintaining 
normal  metabolic  conditions  in  the  organism  (6).  The  new  hemodynamic  situ- 
ation created  by  shunting  blood  from  the  central  veins  directly  into  the  arterial 
tree  is  remarkably  stable.  Table  II  summarizes  data  collected  in  partial  heart- 
lung  bypass  procedures  of  ten  hours  duration  at  a  constant  extracorporeal  flow 
and  constant  blood  volume.  Pulmonary  blood  flow  and  right  ventricular  pres- 
sure decreased  as  soon  as  the  extracorporeal  circulation  was  activated  and  re- 
mained so  until  the  bypass  flow  was  arrested.  The  heart  rate  decreased  to  some 
extent.  The  aortic  pulse  pressure  was  more  narrow  than  under  control  condi- 
tions. Under  isovolemic  conditions,  the  mean  aortic  pressure  remained  con- 
stant, indicating  that  there  was  no  significant  systemic  vasomotor  reaction. 

The  organism  perfu.sed  from  vein-to-artery  is  exceedingly  sensitive  to  small 
changes  in  bloofl  volumes.  At  constant  extracorporeal  flow  rate,  a  small  blood 
loss  causes  a  marked  decrease  in  cardiac  output.  Similarly,  a  moderate  in- 
crease in  l)lood  volume  enhances  cardiac  output  beyond  what  is  observed  in  the 
intact  circulation  (Fig.  2).  Apparently  a  heart  made  to  pump  abnormally  low 
outputs,  ficcreased  in  size  as  a  consequence  of  a  vein-to-artery  shunt,  yet  re- 
ceiving its  normal  coronary  blood  supply,  is  unusually  sensitive  to  changes  in 
diastolic  filling  pressure.  This  response  is  characteristic  of  a  circulation  ade- 
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Fig.  1.  Pump  (McNeill-Collins)  and  catheters  (Electro-Catheter  Corp.,  Metuchen,  New 
Jersey)  employed  in  a  no-prime  circuit  for  veno-arterial  pumping  in  the  cardiac  catheteriza- 
tion laboratoiy. 


TABLE  II 


Before  Bypass 

Just  After  Start 

Midway 

Just  Befor 

eEnd 

After  Bypass 

Qe  

0 

35  db  5 

35  ±  5 

35  db 

5 

0 

Ql  

92  ±  30 

51  db  21 

51  d=  20 

55  ± 

30 

107  ±  31 

Qt  

92  ±  30 

86  ±  22 

86  ±  21 

90  ± 

32 

107  d=  31 

Heart  rate  

161  ±  38 

144  ±  39 

143  ±  35 

159  ± 

38 

155  ±  40 

SVP  

6  ±  4 

5  ±  3 

5  ±  3 

4  d= 

3 

5  ±  4 

RVP  

23  ±  7 

18  rt  7 

17  ±  5 

19  d= 

8 

24  ±  0 

SAP  

110  ±  22 

114  ±  24 

120  ±  21 

113  ± 

26 

122  ±  24 

Pulse  pressure  

29  ±  9 

23  ±  9 

22  ±  7 

22  ± 

10 

35  ±  8 

Mean  value  (zb  one  standard  deviation)  of  several  hemodj'namic  parameters  in  veno- 
arterial oxygenation  i)r<icrd\u-es.  Data  were  collected  in  26  dogs  just  prior  to  perfusion,  in 
the  first  30  minutes  <>{  the  ])n)ci'durc,  tlion  again  live  hours  later,  in  the  last  30  minutes  of 
perfusion,  Hm:i11>-  aliout  one  hour  after  termination  of  l)>-])ass.  (^e  =  extracorporeal  blood 
flow,  in  ml  kg  iiiiii;  ()l  =  pulmonary-  blood  flow,  in  ml  kg  iiiiii;  (^r  =  total,  or  systemic 
blood  ilow,  in  ml  kg  min;  S\'P  =  central  venous  pressure,  in  cm  H.O;  1!\'P  =  systolic 
right  ventricular  jjressure,  in  nnn  Hg;  S.\P  =  mean  systemic  arterial  pressure,  in  nnn  Hg. 
(Unpublished  data  of  M.A.  Hopf  and  P.  M.  (lalletti.) 
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qiiatoly  supiiortod  regardless  of  the  actual  contribution  of  the  cardiac  output 
and  of  the  extracorporeal  circuit.  In  case  of  failure  or  decay  of  the  prepara- 
tion, myocardial  damage  and  dilatation  of  the  cardiac  cavities  tend  to  obscure 
this  remarkable  mechanism. 

In  the  practice  of  partial  heart-lung  bypass,  because  the  caval  veins  are 
usually  connected  by  a  fixed  resistance  catheter  to  an  extracorporeal  reservoir 
open  to  atmospheric  pressure,  any  change  in  central  venous  pressure  tends  to 
translocate  blood  from  the  inner  circuit  into  the  extracorporeal  circuit  or  con- 
versely. Stability  is  best  achieved  when  the  i)imip-oxygenator  not  only  provides 
for  a  constant  venous  pressure,  but  is  also  "Bainbridgc-iuindcd"  or  "Starling- 


NORMAL  CIRCULATION 


PARTIAL  HEART- LUNG  BYPASS 


Fig.  2.  Block  diagram  of  normal  rirculation  and  partial  hcai  i-hint;  hyjia.v^  riiculation  in  the 
dog.  B:  sy.-^tcniii-  caiiillaiy  hed.'^ ;  RH:  right  heart;  L:  pulnionar>-  capillarj-  bed;  LH:  left 
heart;  O:  i)ump-oxy(i(nator.  Italic  figures:  .standard  value  for  blood  oxygen  saturation  in 
percent.  Ujiright  figures:  .standard  value  for  blood  flow  rate,  in  ml  kg'min. 


minded,"  meaning  that  it  react,s  to  any  increase  in  extracorporeal  venous  drain- 
age by  a  corresponding  increa.se  in  rate  or  .stroke  volume  of  arterial  infusion 
(7).  A  transfusion  bag  employed  as  a  closed  venous  reservoir  goes  a  long  way 
to  provide  the  required  stability,  because  it  opposes  variations  in  central  ve- 
nous pressure,  stores  blood  in  the  case  of  veno-con.striction,  and  in  case  of 
sudflen  blood  loss  by  the  organism,  furnishes  to  the  heart  the  amoimt  of  venou> 
return  needed  to  prevent  a  decrease  in  cardiac  output  (Fig.  3l. 

We  recently  attempted  to  utilize  our  best  knowlerlge  of  jierfusion  techniques 
in  carrying  out  partial  heart-lung  bypass  for  24  hoius  in  normo-thermic  dogs 
breathing  spontaneously.  The  extracorporeal  circuit  consisted  of  a  two  square 
meter  Teflon  meml)rane  oxygenator  (Klung)  and  two  roller  pumps,  primed 
with  a  saline-dextrose-dextran  solution.  The  extracorporeal  flow  was  uniformly 
.set  at  600  ml/min,  .so  as  to  take  over  about  30  per  cent  of  the  cardiac  output 
and  puImonar>'  gas  exchange.  Eight  out  of  eleven  animals  were  chronic  sur- 
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vivors.  Blood  damage  iriiiaini'd  well  within  acceptaijle  limits,  with  an  average 
final  plasmn  hemoglobin  of  160  mgTf,  and  a  final  platelet  count  of  12(),()0() 
mnr*.  No  abnormal  bleeding  or  clotting  tendency  was  observed  in  the  post 
perfusion  period.  Tests  of  hepatic  and  renal  function  remained  normal.  The 
maintenance  of  an  adequate  metabolic  balance  (pH,  pCOo  ,  CI,  Na,  K  and  glu- 


CARDIAC  OUTPUT 


-30  -20  -10  0  +10  +  20  +  30 

ml  /Kg  BLOOD  VOLUME  ml  /Kg 


Fig.  3.  Hi  latKni-lnii  between  piilmonaiy  blood  flow  (=  cardiac  output)  and  body  blood 
volume  at  \  h  umi-  h  \  (  Is  of  partial  heart-lung  bypass.  The  thermodilution  technique  was  em- 
ployed for  -1  rial  iiit  asmcments  of  cardiac  output  in  a  dog,  first  under  control  conditions,  then 
at  increasing  rates  of  extracorporeal  flow.  The  blood  volume  was  altered  between  measure- 
ments by  allowing  a  controlled  amount  of  transfusion  from,  or  exsanguination  into,  the  extra- 
corporeal circuit.  A  steady  blood  volume  was  maintained  for  at  least  5  minutes  prior  to  each 
determination  of  cardiac  output.  Each  experimental  point  is  the  average  of  5  thermodilution 
cui-ves.  (Unpublished  data  of  E.  Liithy  and  P.  M.  Galletti.) 

cose  levels)  meant  that  the  administration  of  any  drug  was  seldom  required. 
These  observations  indicate  that  adequate  eciuipment  for  long-term  perfusion 
is  presently  available.  Extracorporeal  blood  circulation  and  oxygenation  can 
be  maintained  safely  for  clinically  useful  periods  with  simple  equipment  re- 
quiring no  priming  blood. 

CARDIAC  ASSISTAN'CE 

The  concept  of  mechanical  assistance  to  the  heart  itself  is  liased  on  the 
postulate  that  the  failing  myocardium  may  benefit  from  a  period  of  relative 
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"rest.""  i.e..  of  decreased  energy  expenditure.  Tlie  rationale  for  this  is  that 
faihire  of  the  heart  to  puiu])  blood  in  sufficient  amounts  results  from  an  im- 
balance between  energy  sujiply  to  the  myocardium  and  energy-  expenditure 
required  from  the  heart  in  order  to  maintain  the  circulation.  It  is  assumed 
than  any  external  maneuver  which  decreases  the  "work  load"'  of  the  myo- 
cardium while  providing  satisfactory  blood  distribution  to  the  tissues  helps  to 
relieve  cardiac  failure.  This  attractive  concept  finds  .some  supjiort  in  the  classi- 
cal observation  of  improvement  of  cardiac  failure  following  a  period  of  strict 
bed  rest.  Yet  it  is  important  to  stress  that  so  far  there  is  no  direct  experimen- 
tal evidence  of  reversal  of  cardiac  failure  by  mechanical  assistance  persisting 
beyond  the  phase  of  assistance.  The  present  state  of  affairs  is  undoubtedly 

TABLE  III 

List  of  the  Physical  Determinants  of  Cardiac  Work  and  Cardiac  Efficiency 


Factors  Invoked  in  the  Estimation  of  the  "Work  Load"  of  the  Heart 


Kinetic  energy  factor 

\'entricular  stroke  volume  X  Mean  velocity  of 
flow-  X  Heart  rate 

Potential  energy  factor 

^'entricular  stroke  voIuiiip  X  Mean  arterial  pres- 
sure X  Heart  rate 

Wall  tension  factor 

\'entricular  end-diastolic   radius   X  \'entricular 
mean  systolic  pressure 

Overall  indices 

Time  Tension  Index 
Ventricular  function  curves 
End-diastolic  ventricular  pressure 
Rate  of  isovolumetric  contraction 
Myocardial  contractile  force 
Myocardial  o.xygen  uptake 

Ratio  of  ventricular  end-diastolic  volume  to  mean 
systolic  ventricular  compliance 

a.ssociated  with  the  difficulty  of  i)roducing  in  the  experimental  animal  a  type 
of  cardiac  failure  which  can  be  compared  to  that  in  man.  On  the  other  hand, 
clinical  attempts  of  mechanical  a.ssistance  to  the  failing  heart  have  usually 

involved  complex  situations  where  a  correction  of  the  circulatory  disturbances 
was  likely  to  overshadow  any  true  improvement  of  the  pumping  mechanism 
it.self. 

Another  difficulty  in  attempting  to  solve  the  problem  of  cardiac  assistance 
experimentally  stems  from  the  lack  of  agreement  among  cardiac  physiologists 
as  to  what  constitutes  the  physical  determinants  of  cardiac  work  (Table  III). 
Depending  upon  which  criterion  is  selected,  almost  any  procedure  of  assisterl 
circulation  may  be  proven  useful  or  detrimental  in  terms  of  the  work  load  of 
the  heart.  Considering  the  shortage  of  significant  information,  it  is  quite  point- 
less to  debate  the  theory  of  cardiac  assistance  much  further. 
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It  may  be  more  informative  at  this  time  to  study  the  effects  of  extracor- 
poreal circiUation  procedures  on  various  aspects  of  cardiac  mechanics.  As  an 
example  Figure  4  schematizes  the  change  in  Time  Tension  Index  (TTI) 
observed  when  a  moderately  hypotensive  circulation  is  supported  by  (a)  veno- 
arterial pumping;  (b)  diastolic  augmentation;  (c)  synchronized  counterpulsa- 
tion. Veno-arterial  iiumiiino;  usinti;  a  continuous  flow  pump  can  only  re-estali- 
lish  a  normal  arterial  prosurc  at  tlic  cost  of  an  increased  I'Tl.  Diastolic 
augmentation,  a  group  of  procedures  attempting  to  boost  diastolic  run  off  by  a 
pumping  action  limited  to  mid-diastole,  enhances  lilood  disti'ibution  to  the 


Fir,.  4.  A  sfhcmatir  diagram  of 
the  et^Vrts  111'  \  (  n(i-art('iial  jiumping 

(A),    (llll-lullr    Mimill,  nl:,ll(m  (B), 

and  s\-iiclirMiii/,cd  n  miii  i  ri lulsation 
(C),  ui>nii  111,'  ;,.,iiic  i.ivssure,  left 
xcntiicidar  incsMiio  and  left  ven- 
tncular  Time  Tension  Index.  The 
solid  line  represents  the  contour  of 
the  aortic  pressure  cun'e  in  a  case 
of  moderate  hypotension.  The 
dotted  line  depicts  the  aortic  pres- 
.sure  curve  wiieii  im  rh;iMical  assist- 
ance to  the  hear!  i.-  r.n  i  itd  out.  The 
dotted  area  represents  I  lie  Time 
Tension  Index  when  the  blood 
l)umii  is  off.  The  hatched  area  shows 
tii(>  Time  Tension  Index  when  the 
blood  pump  is  on.  [Redrawn  from 
Birtwell  el  al.  (8).] 


tissues  without  affecting  the  systolic  TTI.  Synchronized  counterpulsation,  as 
provided  by  an  ectopic  "ventricle"  which  sucks  blood  fi'om  the  aorta  during 
systole  and  returns  it  during  diastole,  achieves  a  rise  in  mean  arterial  pressure 
with  a  decrease  in  TTI.  Thus  from  the  theoretical  standpoint  of  Time  Tension 
Index,  synchronized  counterpulsation  is  the  technique  of  choice  for  assistance 
to  the  failing  heart  (8 1 .  Unfortunately,  it  meets  practical  difficulties  in  the 
synchronization  of  the  external  ventricle  with  the  electrocardiogram.  More- 
over, peripheral  cannulation  often  offers  too  much  resistance  to  ]iermit  an  ade- 
quate stroke  volume  during  the  short  inter\-al  of  the  cardiac  cycle  available 
for  pumping  (9).  For  all  these  reasons,  it  has  been  impossible  so  far  to  apply 
synchronized  counterpulsation  for  prolonged  periods  of  time. 
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There  it:  limited  inforination  available  about  the  effect  of  cardiac  assistance 
procedures  upon  left  end-diastolic  ventricular  pressure  and  left  atrial  pressure, 
because  of  the  difficulties  associated  with  the  reliable  determination  of  these 
pressures  in  the  closed-chest  preparation.  However,  there  is  little  change  to  be 
expected  in  the  normal  animal,  and  much  debate  as  to  the  significance  of  ele- 
vated diastolic  ventricular  pressure  as  an  index  of  cardiac  "failure."  It  has 
been  ilenionstrated  that  left  atrial  pressure  is  always  significantly  decreased 
whenever  partial  heart-lung  bypass  carries  more  than  25%  of  the  total  blood 
flow  (10).  The  same  is  probably  true  with  left  heart  bypass.  The  decrease  in 
left  atrial  jjressure  does  not  necessarily  influence  ventricular  dynamics,  since 
the  ventricle  generates  essentially  the  same  pressure  whether  it  ejects  a  large 
stroke  volume,  or  reduces  its  output  to  intermittent  "emptying  beats,"  or  per- 
forms an  "isovolumetric  exercise"  without  even  opening  the  aortic  valves  (9). 

The  situation  is  somewhat  confused  as  to  the  effect  of  cardiac  assistance  on 
myocardial  oxygen  uptake.  With  partial  heart-lung  bypass,  Salisbury  (10) 
observed  that  in  some  experiments  the  oxygen  consumption  of  the  heart  de- 
creased only  when  the  cardiac  output  was  reduced  to  zero;  in  other  experiments, 
a  marked  reduction  of  cardiac  oxygen  use  was  evident  when  the  extracorporeal 
circuit  carried  over  50%  of  the  systemic  flow.  With  left  heart  bypass,  Schenk 
et  al.  (9)  also  reported  an  inconsistent  reduction  in  myocardial  oxygen  up- 
take. Left  heart  bypass  had  to  be  complete  to  cause  a  decrease  in  left  ven- 
tricular diameter  and  in  coronary  flow. 

Not  considered  in  the  above  discussion  are  the  effects  of  cardiac  assistance 
on  heart  rate  and  heart  size,  which  are  also  imjiortant  factors  of  myocardial 
energy  exjjenditure.  Partial  heart-lung  bypass  causes  a  decrea.se  in  heart  rate 
if  care  is  taken  to  maintain  the  body  blood  volume  constant  (Table  I).  The 
reduction  in  heart  rate  is  even  more  apparent  if  blood  volume  is  decreased  as 
the  extracorporeal  flow  rate  is  increased  (II),  particularly  when  cardiac  action 
was  initially  rapid  because  of  circulatory  overload.  Isovolemic  partial  heart- 
lung  bypass  also  causes  a  lasting  decrease  in  end-diastolic  ventricular  volume 
(Fig.  5).  The  decrease  in  end-diastolic  volume  is  more  marked  for  the  right 
ventricle,  which  then  pumps  against  a  reduced  pulmonary  artery  pressure, 
than  for  the  left  ventricle,  which  still  has  to  overcome  an  essentially  normal 
aortic  pre.s.sure  (12).  Here  again  the  reduction  in  the  size  of  the  ventricular 
cavities  is  only  observed  in  hearts  which  have  not  been  damaged  by  extensive 
"plumbing"  and  when  hypervolemia  is  carefully  avoided  as  the  pump  is  started. 
These  examples  illustrate  that  mechanical  assistance  can  effect  the  heart  in 
several  ways,  potentially  beneficial  or  detrimental.  Details  of  technique  not 
always  appreciated  by  the  investigator,  much  less  mentioned  in  scientific  re- 
ports, often  negate  the  physiological  aim  of  the  assistance  procedure. 

RESPIRATORY  AS.SISTA.XCE 

The  efficacy  of  respiratory  as.si.stance  through  extracorporeal  blood  arteriali- 
zation  is  readily  demonstrated,  since  a  narrowing  of  the  arteriovenous  oxygen 
difference,  the  correction  of  respiratory  acidosis  and  in  the  ca.«e  of  chronic 
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tissue  ln'i)oxia  the  ('oni])ensation  of  uietabolic  acidosis  arc  obvious  criteria. 
Witli  the  techni(iue  of  partial  lieart-lung  bypass  the  total  amount  of  arterial- 
ized  blood  distributed  to  the  body  tissues  is  the  sum  of  pulniouai y  blood  flow 
plus  extracorporeal  flow.  As  the  venous  return  to  the  cava!  veins  is  i)i()p;r(>s- 
sivcly  shifted  from  the  normal  channels  into  the  extracorporeal  circuit,  the 
artificial  lung  takes  over  the  function  of  the  natural  lung.  Provided  enough 

EnD-O  l^iSTOL  IC  VOLUME 
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Fig.  5.  Ventricular  end-diastolic  \  olume,  in  ml/kg,  as  a  function  of  extracorporeal  flow 
rate,  in  ml  kg  min.  The  solid  line  corresponds  to  the  left  ventricle,  the  broken  line  to  the 
right  ventricle,  ^'entricular  end-dia.stolic  volume  was  measured  by  the  thermodilution  tech- 
nique of  Liitliy).  Cncle  and  dots  represent  the  mean  values.  The  vertical  bars  correspond 
to  i>lus  or  minus  one  standard  error.  [Redrawn  from  Salgado  ct  al.,  (12).] 

blood  can  be  drained  into  the  extracorporeal  circuit,  the  artificial  lung  will 
compensate  for  any  degree  of  functional  impairment  of  the  natural  lung.  The 
adequacy  of  oxygen  distribution  is  confirmed  by  the  observation  of  a  steady 
venous  oxygen  saturation  and  arterial  blood  pH  over  periods  as  long  as  10  or 
24  hours. 

Partial  suppression  of  the  gas  exchange  function  of  the  natural  lung  appears 
to  cause  a  decrease  in  respiratory  minute  volume.  In  other  words,  pulmonary 
ventilation  decreases  as  jnilmonary  blood  flow  is  reduced  by  an  increase  in 
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fXtracoriioreal  flow  (6l.  Tliis  respiratory  depression  disappears  where  pulmo- 
nary blood  flow  is  reduced  to  very  low  values,  and  is  then  replaced  by  a  marked 
hyperventilation.  Figure  6  illustrates  how  rapidly  pulmonary  ventilation  de- 
creased at  the  beginning  of  perfusion  when  the  pulmonary  blood  flow  was  sud- 
denly reduced  to  20*^^^  of  its  control  value.  A  few  minutes  later,  the  i)ulraonary 
blood  flow  was  further  reduced  to  about  10%  of  control,  by  permitting  the  ani- 
mal to  loose  100  ml  of  blood  into  the  extracorporeal  circuit.  This  led  to  a  sus- 
tained hyperventilation,  which  subsided  when  pulmonary  blood  volume  and 
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6.  KftV-fts  of  partial  lj(  ai  l-hing  bypa^^  at  hifili  fxtracoi porcal  flow  ratf  (  (^k  .  in  ml 
min)  at  normal  or  defrea.*ed  blood  \  oliame  (X,  in  ml)  upon  pulmonaiy  blood  flow  (i},.  .  m 
L.  min),  pulmonarj'  oxygen  uptake  (V.^  .  in  ml,  min),  pulmonarv-  ventilation  (Ve  ,  in  L.  riuii ), 
heart  rate  (H.R.),  s>-stolic  right  ventricular  pressure  (R.V.P.,  in  mm  Hg),  sy,*tolic  left 
ventricular  pressure  (L.V.P.,  in  mm  Hg)  and  left  ventricular  end-diastolic  \  okime  (E.D.V.. 
in  ml).  Vertical  lines  on  the  spirometer  recording-time  in  minutes. 

flow  were  brought  back  to  normal  by  arresting  the  external  })erfusion  and  re- 
turning the  100  ml  of  blood  to  the  va.scular  system. 

The  technique  of  partial  heart-lung  bypass,  whereby  pulmonary  circulation 
and  extracorporeal  circulation  are  set  in  parallel  (Fig.  2)  may  appear  the 
most  physiological  one  for  the  purpose  of  complementing  pulmonary  gas  ex- 
change. However,  circuits  with  the  artificial  lung  located  in  .series  with  tin 
natural  lung  have  al.so  proved  adequate  for  respiratorj'  assistance.  Further- 
more, there  is  no  need  to  blindly  imitate  nature,  which  perfoniis  mo.st  exchange 
functions  in  a  capillary  bed  located  between  artery  and  vein.  Under  specific 
conditions,  artificial  lungs  are  best  employed  in  an  artery-to-artery,  vein-to- 
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artery  or  vcin-to-vcin  shunt.  In  tlic  case  of  vcno-venous  oxygenation  (Fig. 
7)  blood  it:  drained  from  a  eaval  win.  arterialized  outside  the  body,  and  I'e- 
turned  to  the  right  atrium,  to  then  follow  the  usual  circulatory  channels.  The 
procedure  has  no  significant  hemodynamic  eft'ect.  In  terms  of  gas  exchantic  it 
is  difficult  to  collect  all  the  venous  blood  into  the  extracorporeal  circuit  and  to 
prevent  it  from  entering  the  pulmonary  circulation  before  undergoing  extra- 
corporeal arterialization.  Becau.se  the  two  streams  cannot  be  completely  sepa- 
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ARTERIO-VBHOUS  OXYGENATION 

Fi(!.  7.  Block  diagram  of  veno-venous  oxygenation,  arterio-arlciial  oxygenation  and 
arterio-venoiis  oxygenation  in  the  absence  of  pulmonary  ga.s  exchange.  Symbols  as  in  Fig.  2. 

rated,  veno-venous  oxygenation  can  only  partially  replace  iiulmonary  gas  ex- 
change in  an  animal  i)r('atliing  room  air.  This  is  no  longci'  tiuc  when  the  ani- 
mal is  made  hypoxic  by  breathing  a  low  oxygen  mixture.  An  example  of  com- 
plete substitution  for  pulmonary  gas  exchange  by  means  of  veno-\-enous 
oxygenation  is  depicted  in  Figure  8.  Following  control  measureiucuts,  the 
extracorporeal  blood  flow  was  increased  stepwise,  to  a  value  corresiioiuling  to 
the  basal  cardiac  output.  This  decreased  the  pulmonary  ()xy<.^(ii  uptake  by 
about  At  that  point,  the  oxygen-filled  spirometer  from  which  tiie  ani- 

mal was  breathing  was  replaced  by  another  one,  with  no  soda  lime  ab-oiber 
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Via.  H.  Pulrnoiiarv  oxs^cii  ujjtakc  ( i,,j„k  •  i"  iiil/kK/miiW.  extracorporeal  oxygen 
uptake  (\'o,  oxynfi.aK.r  ,  in  tiil/kg/min;,  arterial  \)\<>(>(l  oxygen  tension  (Pao,  ,  in  mm  Hg), 
mixed  venous  oxjgen  tension  (Pv„,  ,  in  mm  Hg)  and  peripheral  venous  oxygen  tension 
fPv„  ,  in  mm  Hg)  before,  during  and  after  veno-venous  oxjgenation.  Once  the  blood  flow 
in  the  vein-to-vein  shunt  (bhjck  diagram  at  bottom;  was  established  at  a  level  dose  to 
the  control  cardiac  output,  pulmonary  gas  exchange  was  made  impossible  by  connecting 
the  tracheal  tube  to  a  rebreathing  circuit.  A  steady  state  of  pre-pulmonarv  blood  arterializa- 
tion  was  achieved,  (l  iipublished  data  of  F.  J.  .Martinez  and  P.  M.  Galletti.) 

an<l  filled  with  7%  CO-j  in  nitrogen.  The  alveolar  oxygen  tension  decreased 
progre.<.«^ively  until  ])ulnionar>'  gajs  exchange  became  negligible,  a.<  indicated  by 
equal  gas^  ten.sion.s  in  pulmonary  arterial  blood,  alveolar  ga.s  and  systemic 
arterial  blood  (Fig.  S).  Meanwhile,  the  extracorporeal  lung,  in  the  veno-venous 
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circuit,  toolv  ovi-r  the  gas  exchange  function.  Oxygen  uptake  and  distribution 
to  the  tissues  were  simply  sliifted  to  a  lower  portion  of  the  oxygen  dissociation 
curve,  with  pH  and  pCOo  kept  within  normal  limits  by  adequate  ventilation 
of  the  artificial  lung.  The  amount  of  oxygen  provided  at  the  i)r('pulin()iiary 
level  was  calculated  as  the  product  of  extracorijoreal  flow  times  the  diffciciice 
in  oxygen  content  In-tween  blood  returned  to  the  body  and  blood  drained  from 
it.  It  stabilized  at  values  corresponding  to  tlic  (i\y>2;(  ii  uptake  measured  under 
conti'ol  conditions.  ()uite  similar  data  were  ()l)tainc(l  with  arterio-venous  oxy- 


Fk;.  9.  Veno-artf'iial  oxysenation  in  the  newborn  lamb.  X'cnDus-blood  wa.^^  collected  from 
the  right  atrium  tliron^li  a  cannula  inserted  in  the  external  jusiular  vem.  .V  carotid  artery 
and  a  femcjral  artery  were  laiinulatrd.  Alternately  one  ariei^-  >ei\i'd  lor  artiMial  nit'usion 
and  the  othei-  fur  arterial  |>ii  .--un'  :uid  monitoring:.  (Uniaiblislieil  i  \iierimrnt>  (if  P.  M. 
Galletti,  E.  C.  Peine  and  .M.  Orzale.<i.) 


genation  in  hypoxic  animals.  These  ob.servations  point  to  a  fundamental  prin- 
ciple of  respiratory  assistance,  namely  that  the  organism  requires  a  certain 
volume  of  oxygen  per  unit  of  time.  l)ut  cares  much  less  for  the  site  where  this 
oxygen  is  introduced  into  the  blood  (i.e.  in,  before,  or  after  the  natural  lungs), 
or  for  the  tension  at  which  the  oxygen  is  distributed  to  the  tissues.  . 

Another  type  of  deviation  from  the  natural  conditions  of  oxygen  supply  was 
investigated  in  premature  lambs  delivered  by  cesarean  section.  The  lambs  were 
initially  kept  connected  to  their  i)lacentae,  and  prevented  from  breathing. 
Cannulae  were  inserted  for  veno-arteiial  uxy<2:enation  in  a  one  square  meter 
Klung  membrane  oxygenator  at  a  flow  rate  of  about  120  ml/kg/min  (Fig.  9). 
The  umbilical  cord  was  then  tied,  and  the  lamji  suddenly  passed  from  the 
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tVtal  conditions  of  oxygen  supiily  to  tiie  tissues  at  relatively  low  tension  to  a 
distribution  and  intake  higher  up  on  the  oxygen  dissociation  curve.  With  the 
artificial  lung  in  a  vein-to-artery  shunt,  rather  than  in  an  artery-to-vein  shunt 
as  the  natural  jilacenta,  the  site  of  extracorporeal  gas  exchange  was  located  in 
series  with  the  systemic  cajiillary  beds,  a  more  adequate  approach  to  complete 
pulmonary  substitution  than  the  mere  replacement  of  the  placenta  in  the  site 
and  circuit  of  the  natural  organ  (Fig.  10).  Stable  metabolic  conditions  were 
observed  for  several  hours,  and  the  animals  made  no  attempt  to  breathe. 
Following  arrest  of  extracorporeal  oxygenation,  and  a  short  period  of  hypoxia. 
hyi)otension  and  bradycardia,  the  lambs  started  to  ventilate  rapidly,  gained 
consciousness  and  survived  their  delayed  birth  without  apparent  ill  effect. 
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VENO- ARTERIAL  OXYGENATION  IN  THE  NEWBORN 

Fig.  10.  Block  diagram  of  feto-piacciital  <  in  ul.ition,  and  of  \ cno-artcrial  oxyK'nation  in 
the  a.sphyxic  newborn.  Symbols  a.s  in  Fif:.  2. 

This  demonstrates  that  techniques  for  complete  respiratory  support  of  the 
anoxic  newborn  are  now  available.  Whether  these  technic|ues  will  prove  useful 
in  clinical  conditions  remains  to  be  investigated. 

METAIJOLIC  AS.SISTAN'CE 

The  clinical  conditions  which  may  benefit  from  assisted  circulation  involve 
more  metabolic  disorders  than  plain  hypoxia.  Beside  acidosis,  one  obser\'es 
disturbances  of  water  and  electrolyte  balance,  and  also  accumulation  or  deple- 
tion of  .some  important  plasma  solutes.  These  deviations  can  .sometimes  be 
controlled  by  the  administration  of  drugs.  However,  their  complexity  is  such 
that  hemodialysis  often  reprei^ents  the  most  satisfactory  approach. 

In  the  field  of  assi.<ted  circulation,  the  artificial  kidney  .servc-s  for  ultrafiltra- 
tion of  cflema  fluid.  Hemodialysis  can  also  provide  a  rapid  correction  of  acid- 
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bast'  and  cU'ctrolytt'  imbalance,  without  the  need  for  multiple  biochemical 
determinations.  The  design  of  a  heart-lung  kidney  or  Klung  (Fig.  11)  was 
pro])osed  to  combine  oxygenation  with  dialysis.  The  Klung  not  only  arterial- 
izes  blood;  it  also  permits  continuous  clearance  of  iin(lesiral)le  substances  from 
the  plasma  while  maintaining  others  within  the  opliiunl  lange.  Judiciously  em- 
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Fig.  11.  Scheme  of  the  "Khmg;"  membrane  limp:  kidney.  Blood  (large  dots)  is  distribute 
in  a  nunilier  of  parallel  films  through  a  column  of  discs  (hatched)  with  a  hole-in  center  an 
radial  holes.  Each  blood  film  spreads  between  ,i  n  linn  membrane  (T)  for  gas  exi  lian^c  an 
a  cellophane  mcnnbrane  (C)  for  water  and  S(j1iiIi  (  xi  hange.  The  membranes  are  >ui'p(iile 
by  opposetl  cone  fields  molded  in  a,  sheet  of  silicone  rubber  (black).  O.xygen  (small  dot.- 
proceeds  from  a  di-i  i  ibui  n  m  in.inuold  into  the  valley  between  the  cones,  so  as  to  sweep  the 
outside  of  the  tellmi  im ml  n  am  -  The  dialyzing  solution  (gray)  comes  in  contact  with  the 
cellophane  membr.im  s  <inl.\ .  The  assembly  of  membranes,  .supporting  mats  and  distributing 
discs  is  stacked  and  compresseil  in  an  aluminum  frame,  which  also  serves  for  thermostabiliza- 
tion  (cross  hatched). 


])loyed,  the  combined  heart-lung-kidney  is  a  more  effective  perfusion  tool  than 
the  simple  heart-lung  machine  (13j.  Since  it  adds  little  to  the  complexity  of 
the  extracorporeal  circuit,  it  will  probably  replace,  for  the  purpose  of  assisted 
circulation,  the  conventional  pump-oxygenator. 

With  c()n\'(ntional  hemodialysis,  the  correction  of  plasma  solute  level  is 
passive,  that  is  restricted  to  those  solutes  for  which  a  concentration  gradient 
can  be  created  with  respect  to  the  dialysate.  Several  techniques  have  been 
proposed  to  gain  active  control  of  plasma  solutes  levels.  The  expression  "arti- 
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ficial  liver"  or  "artificial  placenta"  have  been  coined  for  that  ])urpose.  The 
"artificial  liver"  usually  denotes  hemodialysis  equipment  in  which  animal's 
liver  ground,  sliced  or  intact  and  perfused,  has  been  added  to  the  dialysate. 
There  is  little  evidence  as  yet  for  the  usefulness  of  this  technique.  The  proce- 
dure in  which  the  dialysate  is  replaced  by  the  blood  of  a  live  animal  circulat- 
ing in  closed  circuit  from  and  to  a  donor  organism,  should  projierly  be  called 
"cross-dialysis"  or  "parabiotic  dialysis"  (14).  Cross  dialysis  truly  represents 
active  hemodialysis,  since  it  takes  advantage  of  the  clearing  capacity  of  the 
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Fic.  12.  Blood  kIucosc  levels  in  a  chronic  iiaiicrcatoctomizcd  doir  treated  .1)  by  conven- 
tional hemodialy.«is;  b)  by  parabiotic  dialysi>  nsing  a  liealtliy  slieei)  a.s  the  "donor".  In  both 
ex|)erinienls,  a  2  .-square  meter  Cuprophaiie  Khing  kidney  was  employed  in  an  artery-to-\-ein 
slinnl.  Recipients  blood  flow:  200  iid  iniii;  (lial>>ate  (or  donor  blood)  flow:  800  ml  min. 
Since  the  dialysate  was  not  recirculated  the  patient's  glucose  1(  \  i  K  d(  1  11  d  -i(  ,idii\-  until 
it  reached  the  le\ el  est.-iblished  in  the  rinsing  solution  (4.5  ins;';  )  Dunn-  1  n  il  hUir  .|i  ,l\sis 
the  recipient^  (ilucose  le\ els  did  not.  fall  as  siiar|)ly  as  with  con\ r  m  h  mi  I  -1-.  Ik  .  ;iu-'  the 

donor's  blood  glucose  level  started  at  a  relati\  ely  high  \  alue,  and  in(  h  .ised  a>  glu(  ii,-(  was 
fran.sferred  from  the  recipient  into  the  donor.  ( t'niiul)lished  data  of  H.  W.  Alexander  ,ind 
P.  M.  Galletti.) 


donor  organism  (liver,  kidneys,  and  rcticulo-cndothciial  system)  to  collect 
blood  disturbances  in  the  ])atient.  .Modern  membranes  permit  significant  ex- 
change of  biochemical  comj)oun<ls  and  drugs  with  molecular  weight  up  to  at 
least  6.000.  Thus  cross-dialysis  offers  many  of  tlie  advantages  of  cross-circula- 
tion, without  the  difficulties  involved  with  the  latter  technique,  namely  blood 
volume  control  and  erythrocyte  compatibility  i)roblems.  Because  the  concen- 
tration gradients  between  patient's  and  donor's  blood  are  relatively  small, 
cro.ss-flialysis  is  le.ss  efficient  than  conventional  hemodialysis  in  terms  of  rapid 
clearing  of  unwanted  substances.  However  this  is  off.set  by  two  major  ad- 
vantages: first  correction  and  equilibration  extend  to  all  pla.sma  components, 
not  onlv  to  those  dissolved  in  the  dialvsate  as  is  the  ca.se  with  the  artificial 
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kidney,  second  overcorrection  cannot  occur,  since  plasma  levels  in  the  healtiiy 
donor  organism  set  a  natural  limit  to  solute  excliaii.uc  Im^uic  12  illustrates  the 
time  course  of  correction  of  blood  glucose  lc\-els  in  a  i)ancicatectonuze(l  dog 
treated  once  by  conventional  hemodialysis  and  another  time  by  cross-dialysis 
with  a  healthy  sheep.  In  both  cases,  the  hyperglycemia  was  corrected  within 
one  hour,  without  injection  of  any  drug. 

The  combination  of  artificial  blood  oxygenation  with  i)arabiotic  dialysis 
(Fig.  13)  represents  the  closest  approximation  to  an  artificial  j^lacenta  avail- 
able today.  In  spite  of  the  relative  complexity  of  the  circuitry,  this  technique 


ARTIFICIAL  PLACENTA 

Fig.  13.  Block  diagram  of  "artificial  placenta",  or  combination  of  vfno-aiterial  oxygena- 
tion (upper  part  of  diagram)  phi.s  parabiotic  dialy.sis  with  a  recipient  organi.sm  (lower  part 
of  diagram).  The  exchange  unit  in  the  center  is  a  combined  lung-kidney  which  simultane- 
ously exchanges  oxygen,  carbon  dioxide,  water  and  solutes. 

will  hopefully  permit  extension  of  i)erfusion  procedures  beyond  the  present 
limit  of  one  or  two  days. 

CONCLUSION 

The  main  conclusion  to  be  drawn  from  laboratory  experience  is  that  all  per- 
fusion procedures  have  advantages  and  drawbacks  (15).  If  one  disregards  the 
question  of  technical  comi)]cxity  and  concentrates  on  physiological  problems, 
he  will  conclude  that  most  availal)le  techniques  have  ])otential  ap])lications  in 
one  disease  or  another.  Howcvci-,  all  tcclini(iues  have  also  some  limitations 
and  some  ab.solute  contraindications.  Talile  l\  summarizes  our  i)resent  views 

as  to  the  beneficial  (  +  +  or  -f- 1  or  i)otentially  detrimental  (-  or  )  effects 

of  various  perfusion  procedures  in  the  four  main  classes  of  "failure"  outlined 
in  the  introduction.  At  this  point  in  the  develo])ment  of  techniques  for  "me- 
chanical assistance  to  the  failing  heai't,"  there  is  still  a  need  for  extensive 
laboratory  investigations.  Pilot  clinical  studies  are  justified  for  those  who  have 
the  experience,  the  e(]uipment  and  the  hospital  facilities  required  for  such  in- 
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List  of  Mechanical  Procedures  Proposed  for  Assisted  L'iiculalion  with  Special  Reference 
to  Their  Beneficial  (+)  or  Potentially  Detrimental  (— )  Effect  on  the  Various 
Aspects  of  Circulatory  Failure 


Procedure 

Cardiac 

Circulatory 

Respiratory 

Metabolic 

Effect 

Effect 

Effect 

Effect 

,  .   ,     ,           ,  _ 

+  + 

+  + 

0 

0 

+  + 

+  + 

0 

0 

\  Giio-srtprifll  pumping  

+  to  — 

+ 

\  cno-£irtcri£il  punipiFig  witli  uortic  coni- 

+ 

+ 

H — h  to  — 

+  + 

+  + 

+ 

1 

0 

0 

+ 

+ 

0 

0 

+ 

+ 

0 

0 

Aortic  sleeve  pumping  

+  to  - 

+ 

0 

0 

Ectopic  ventricle  counterpulsation  

++ 

+ 

0 

0 

External  counterpulsation  

+  to  - 

+  to  - 

0 

0 

Svnchronized  airwav  pulsation  

+  to  - 

+ 

+ 

0 

\  eno-venous  oxygenation  

0 

0 

++ 

+ 

Arterio-venous  oxygenation  

++ 

+ 

0 

0  to  -h 

++ 

+ 

Extracorporeal  dialvsis  

0  to  - 

0  to  - 

0 

++ 

Parabiotic  dialvsis  

o.„- 

0  to  - 

0 

++ 

Extracorporeal  ultrafiltration  

0 

0 

+ 

Artificial  heart -lung-kidnev  

+  +  to  - 

++ 

++ 

++ 

vestigations.  Hopefully,  the  use  of  mechanical  hearts,  lungs  and  kidneys  will 
open  a  new  era  in  the  treatment  of  conditions  which  resist  conventional  drug 
therapy  and  claim  numerous  lives. 
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Forewoi'd 

Thoso  papors,  coiitributod  l)y  the  Departments  of  Hematology,  Physics,  and 
Medicine,  brin.a;  tojiether  dynamic  studies  dealinji  with  certain  pliases  of  iron 
and  iodine  metahohsm. 

The  nature  (jf  the  piohlem  reciuires  methodolof>;ical  approaclies  of  a  hi<ih  level 
of  sophistication.  It  is  realized  that  not  all  readers  will  he  able  to  follow  in  detail 
the  complex  mathcMuat ies  necessaiy  to  analyze  the  multiple  simultaneous  pioc- 
esses  involved.  In  spite  of  this,  it  is  felt  that  such  a  presentation  will  sei  \e  a  use- 
ful purpose  in  brin<iini>-  to  the  attcMition  of  a  fi'eneral  medical  audience  an  area  of 
clinical  imcstiiiation  that  is  l)ecomin<>:  more  important  each  day.  Perhaps,  even 
mor(>  si<iiiiHcant  than  any  (|uantitati\  ('  results  ()l>tained,  is  an  appreciation  of  the 
general  appioach  to  tli(>  pioblems  of  multiple^  pool  analysis.  It  is  hoped  tliat 
these  papers  will  fulfill  that  need. 

Solomon  Silveh,  AI.D. 

for 

The  Editorial  Board 
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Miilliple-Pool  Analysis  in  Tracer  Studies 
of  Metal)olie  Kinetics:  I 


General  Considerations  and  Solutions  of  Simpler 
Systems  (One  and  Two  Pools)* 

LKXA  SHAHNEY,  Ph.D.,  l.OUIS  H.  WASSKHMAN,  M.I).,  NORMAN  R.  GEVIRTZ' 
M.l).,  LAWRENCE  SCHWARTZ,  M  l).,  and  DINA  TENDLER,  M.S. 

Xcw  York,  .V.  Y. 

DEFINITIONS  AND  GENERAL  DISCUSSION  OF  MULTIPLE-POOL  SYSTEMS 

In  studying  the  normal  physiological  behavior  of  any  given  substance,  we  are 
concerned  with  both  its  static  and  dynamic  aspects,  i.e.,  with  its  spatial  distribu- 
tion and  chemical  states,  as  well  as  with  the  rates  of  transfer  from  one  such  local- 
ization or  state  to  another.  When  a  metabolic  system  is  in  a  steady  state,  i.e., 
dynamic  eciuilibrium,  the  basic  substance  enters  and  leaves  any  particular  chem- 
ical or  spatial  phase  at  essentially  constant  rates.  The  (luantitative  distribution 
of  the  substance  remains  nearly  constant,  except  for  such  regular  or  cyclic  varia- 
tions as  may  be  due  to  normal  changes  in  the  general  physiological  state  of  the 
organisni.  In  general,  ([uantitative  chemical  studies  give  static  results  and  are 
limited  either  to  measurements  of  intake  and  excretion  or  to  direct  observations 
regarding  concentrations  in  accessible  body  compartments.  Therefore,  direct 
chemical  analysis  can  yield  little  information  about  the  dynamic  structure  of 
such  systems.  Theoretically  the  dynamics  of  a  substance  can  be  studied  by  in- 
creasing or  decreasing  the  metabolic  content  of  a  given  compartment,  or  by 
interfering  with  the  metabolic  pathway  of  the  substance.  However,  any  attempts 
which  involve  such  alterations  disturb  the  initial  steady  state  and,  therefore, 
introduce  extraneous  factors. 

Hence  the  need  for  more  physiological  methods  of  investigation,  such  as 
tracer  techniques.  Tracers  fulfill  three  important  requhements.  Firstly,  they  are 
as  a  rule  biologically  indistinguishable  from  the  substance  under  investigation, 
and,  therefore,  may  be  assumed  to  undergo  the  same  metabolic  changes.  Sec- 
ondly, they  can  be  administered  in  such  small  amounts  as  not  to  disturb  the 
dynamic  equilibrium  of  the  system  as  a  whole.  And  finally  since  tracers  are  not 
in  a  steady  state  when  introduced  instantaneously  into  one  part  of  the  system, 
they  exhibit  quantitative  changes  which  can  be  mathematically  analyzed  and 
described  as  a  function  of  time.  These  changes  reflect  the  various  rates  of  reactions 
and  transfers  of  the  physiological  (non-tracer)  metabolite  under  investigation. 

From  the  Department  of  Hematology  and  the  Andre  Meyer  Department  of  Physics, 
The  Mount  Sinai  Hospital,  New  York,  N.  Y. 

*  This  study  was  supported  in  part  by  U.S.P.H.S.  grants  A-1063  (and  renewals)  and 
AM -01063  (and  renewals)  from  The  National  Institute  of  Arthritis  and  Metabolic  Diseases, 
by  grant  C-.3991,  The  National  Cancer  Institute,  U.  S.  Public  Health  Service,  and  by  the 
Albert  A.  List,  Frederick  Machlin  and  Anna  Ruth  Lowenberg  Research  Funds. 
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111  practice,  oxperiiiieiital  tracer  data  are  subject  to  considerable  random  as  well 
as  systematic  errors,  and  their  graphic  representation  can  be  approximated  by 
an  infinite  variety  of  mathematical  curv€>s.  Therefore,  before  analyzing  such 
quantitative  tracer  data,  certain  assumptions  and  definitions  about  the  system 
under  consideration  must  be  made.  Unless  stated  otherwise,  the  following  defini- 
tions and  assumptions  apply  both  to  tracer  and  non-tracer  material  (  see  Fig.  1 ). 

Qi  :  Each  ^.ystem  consists  of  one  or  more  pools,  Q,  ,  defined  as  distinct  aggre- 
gates of  the  basic  substances;  these  aggregates  may  dilTer  from  each  other  by 
vu'tue  of  their  anatomic  location,  or  differences  in  chemical  properties  of  the 
form  in  which  the  substance  occurs.  Q,  ,  in  addition  to  denoting  the  i"'  pool, 
represents  the  total  amount  of  the  substance  in  the  pool  Q, . 

ki  :  The  substance  considered  leaves  each  of  the  pools  Q,  with  a  constant  posi- 
tive relative  rate  /.-,  ,  i.e.,  the  amount  h,Q,  leaves  pool  Q,  per  unit  time.  This 


defines  the  relative  rate  /,-,  as  a  multiple  or  fraction  of  the  total  (luantity  of  the 
metabolite  in  the  pool  Q,  which  leaves  the  given  pool  per  unit  time. 

A,i  :  A  constant  fraction,  Aj,  ,  of  the  amount  k-,Q,  leaving  the  pool  Q,  is  trans- 
ferred to  another  pool  Qj  at  the  absolute  rate  Aj,k,Q,  . 

A„.  and  E,  :  A  constant  fraction,  Ao.  ,  of  the  amount  IcQ,  that  leaves  pool  Qi 
is  eliminated  entirely  from  the  n-pool  system  at  an  absolute  rate  .4„,A-,Q,  =  K,  . 
The  sum  of  all  fractions  of  the  nietal)oiite  (A„,  and  A,,fi)  leaving  pool  Qi  must 
be  ecjual  to  1 :  in  an  /(-pool  system  the  sum 

I  A,,  =  1. 

In  a  three-pool  system  this  reduces  to 

^01  +  .I21  +  An  =  A„2  +  An  +  A,,  =  Ao,  +  An  +  A^,  =  1. 
oj,  :  a-,  denotes  the  fraction  of  the  total  amount  of  non-tracer  material  leaving 
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the  systcMii  which  leavos  tluough  pool  (J, 


In  a  tliiee-pool  system 


E,  +  E,  +  E, 


,  etc. 


Si  :  Si  is  the  constant  absohite  rate  of  supply  of  the  non-tracer  substance  to 
the  system  through  pool  Q,  {  S,  may  be  considered  as  coming  from  a  source 
exogenous  to  the  system  ) . 

(7,  :  a,  denotes  the  fraction  of  the  total  amount  of  non-tracer  material  entering 
the  system  which  enters  through  pool  Qi  : 

(Ti  =   „         and    ^  (Ti  =  1. 
1 

Qi  =  Qiit):  Qi  =  Qiit)  stands  for  the  amount  of  tracer  contained  in  pool  Q,  at 
the  time  t.  (In  case  the  tracer  is  radioactive,  all  qi{t)'s  represent  the  amounts 
of  isotope  corrected  for  physical  decay  with  reference  to  some  standard  time.) 

Qo  =  Qiio) :  Qo  =  Qiio)  is  the  amount  of  tracer  which  is  introduced  instantane- 
ously into  the  accessible  pool  Q,  at  the  initial  time  /  =  o. 

Ci  :  The  fraction  of  g„  which  is  eventually  eliminated  from  the  system  with 
Ei  is  designated  by  : 

q„  -'o 

All  mixing  is  assumed  to  be  instantaneous  and  therefore  is  subject  to  the 
same  relati\-e  rates  as  Qi .  In  a  strict  sense,  the  assumption  of  instantaneous 
mixing  is  not  always  necessary  and  may  be  replaced  by  the  more  general  condi- 
tion that  the  g,'s  be  subject  to  the  same  relative  rates  of  change  as  the  Q,'s. 
(See  discussion  in  "Multiple-Pool  Analysis  in  Tracer  Studies  of  [Metabolic 
Kinetics:  II." ) 

Implicit  in  the  above  definitions  is  the  basic  assumption  of  first  order  reactions, 
i.e.,  the  absolute  rates  of  transfer  from  the  z**'  pool  (  where  "transfer"  refers  either 
to  spatial  or  to  chemical  changes)  are  always  directly  proportional  to  the 
total  amount  of  substance  present  in  that  pool.  When  a  system  is  characterized 
by  rates  of  transfer  which  are  proportional  to  the  n^^  powers  of  the  respective 
Qi's,  it  is  still  mathematically  indistinguishable  from  a  firstorder  system,  proA'ided 
it  is  in  dynamic  equilibrium,  i.e.,  equal  amounts  of  the  substance  leave  and  enter 
each  of  its  pools,  and,  therefore,  Q,'s  are  constant.  Reactions  with  the  rates  of 
transfer  proportional  to  powers  of  Q,'s  other  than  the  first,  occuring  in  systems 
not  subject  to  equilibrium  conditions''^'^' are  outside  of  the  scope  of  this 
paper. 


204  SHAKNKV,  WASSEKMA.N,  CKVIKTZ,  SCHWARTZ,  AM)  TENDLER 


111  the  case  of  a  general  /;-pool  system  (  Fig.  1 ),  where  each  pool  empties  into 
each  of  the  remaining  —  1  pools,  the  differential  tracer  equations  of  9,'s  are 
given  by  the  following  linear  homogeneous  system  with  constant  coefficients: 


(It 
(II 


dt 


An\l'\qi  +  Anik-ifii  +  •  •  •  +  .4„(„_i,/.-„_ir^„ 


Such  a  system  of  differential  eciuations  can  be  solved  by  means  of  Laplace  trans- 


forms     -  . 

When  the  /(  roots,  —  Xi 
polynomial 

-A,A    P  +  k-2 


D(p) 


ArJc. 

A.r.k\ 


-A, A-, 


AA-- 


P  +  k. 


X„  of  the  corresponding  characteristic 


//'  +  .<.-ip"^  +  •  •  ■  +  +  s„ 

=  {p  +  Xi.Mp  +  X-,) 

■  •  •  ( p  +  X„  I  =  0 


are  all  distinct,  the  solutions  for  5,'s  can  lie  expressed  as  sums  of  //  exponential 
functions: 


qjtl 


a,,c    '   +  a,./' 


(When  no  ambiguitj'  is  possible,  a,,  may  be  replaced  by  .1 

The  initial  conditions  for  the  system  are  given  by  the  set  of  numerical  values 
qh{o)'s;  h  =  1,  2,  •  ■  ■  ,  n.  Substituting  these  values  into  the  t""  column  of  the 
above  determinant,  replacing  p  by  —  X^  and  dividing  by  the  product 

for  all  /  ^  j,  gives  the  coefficient  a,^  of  the  J'"'  term  of  the  solution  of  q,  .  When 
the  initial  conditions  are  qiiO)  =  (p,  ;  q^iO)  =  0  for  all  h  9^  \.  the  solution  be- 
comes : 


■Au, 


-X;  +  A:._ 

—  Ai(i-i)ki. 

—  A(i+i)(i-: 


0  — -4(,_])(,>i)t,+i 
0     —  .4  ,(,+i)A',+i 

0     -X,  + 


y--  1  •  •  •  — -4n(i-i)A'i_i 


n  ^-x.  + 

1^1 
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In  the  simplified  notation,  where  .V,(  p)  refers  to  the  determinant  I)(  p)  with  the 
initial  values  substituted  into  its  i"'  colunni,  and  Z)'(p)  stands  for  the  derivative 
of  D(p)  with  respect  to  p,  the  coefficients  of  the  solution  for  qi  can  be  written  as 

Ni{-\i) 

and  therefore  g,  becomes: 

Qi  =  2-,  7^77 — <^     =  '^ii^     +       "  +  •  •  •  +  oiif 

It  should  be  noted  that  no  restrictions  have  been  imposed  upon  the  values  of 
the  constants  A-/s  and  .4,/s  except  that  A/s  are  non-negative,  and  J,/s  are  both 
non-negative  and  satisfy  the  summation  conditions 

t  A,,  <  1 

for  all  j.  These  conditions,  however,  suffice  to  insure  that  all  non-zero  roots  of 
D{p)  have  negative  real  parts'^'. 

In  \ATiting  the  above  solution  for  q,  it  has  been  assumed  that  the  characteristic 
polynomial  D(  p )  had  n  distinct  real  zeros.  In  the  case  of  m  repeated  roots:  —\j  = 
—  'Xj+i  =  ■  ■  ■  =  — Xj+,„_i  ,  the  partial  solution  assumes  the  following  form:'"'" 


•••  —  .4i(._i)A-;_i    q,,    — .4i(i+i)A',+i  ••• 


The  terms  corresponding  to  each  pair  of  complex  roots  can  be  rewritten  as 
follows : 


=  sin  {\,t)  +  B-2  cos  (X/01  =  Bc'^"'  sin  (\it  +  5) 

where  6  is  a  phase  constant  and  where  —     and  —X/  are  the  real  negative  and 

the  imaginary  parts  of  the  two  conjugate  roots  respectively.  When  the  ^ 's  of 

the  defining  difi'erential  equations  are  linearly  dependent  upon  m  exponential 
functions  e"'^'''  (where  71 ,  72,  ■  •  •  ,  7„,  are  constants),  as  well  as  upon  n  q,'s,  the 
corresponding  solutions  can  still  be  easily  obtained  by  means  of  Laplace  trans- 
forms, although  as  many  as  m  +  h  exponential  functions  may  now  appear  in  the 
expressions  for  qt's.  In  general,  a  set  of    such  defining  ecjuations  can  be  replaced 
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hy  m  +  n  linear  homogeneous  e(iuations  witli  constant  coefficients,  whose  sohi- 
tions  can  then  he  oV)taineci  as  descrihcxl  al)ove. 

In  the  preceding,  it  has  been  indicated  how  starting  with  a  general  //-pool 
model,  or  rather  with  the  /("  pool  constants  A/s  and 

(!■-)■ 

we  can  obtain  the  functions  of  the  tracer  distribution  within  each  of  the  « 
pools  Qi .  In  practice,  howeA  er,  we  are  more  concerned  with  the  con\  erse  prob- 
lem, namely  that  of  determining  the  pool  constants  from  the  knowledge  of  one 
or  more  tracer  distribution  equations,  9, ,  i.e.,  the  approximating  efjuations  to 
the  experimentally  observed  behavior  of  a  tracer  in  one  or  more  pools,  Q,  ,  which 
are  accessible  to  sampling.  In  considering  an  approximating  equation  for  a  single 
accessil)le  pool,  it  is  necessary  to  decide  upon  the  number  of  pools  involved  in 
the  innnediate  system.  It  will  be  assumed  that  if  (in  the  absence  of  any  special 
information!  experimental  data  can  be  adequately  represented  by  a  sum  of  « 
exponential  functions,  then  /(  is  the  required  number  of  pools;  this  is  eciuivaleut 
to  postulating  that  all  <~^'''s,  where  — Xi  ,  •  •  •  ,  — X„  are  distinct  roots  of  an 
?('*'  degree  characteristic  eciuation  D(p),  have  non-vanishing  coefficients.  Al- 
though this  decision  may  at  first  appear  arbitrary,  it  is  usually  the  only  logical 
one  insofar  at  it  is  based  exclusively  upon  the  information  which  is  experimentally 
available,  and  permits  us  to  deal  with  systems  of  minimal  complexity.  As  an 
example,  consider  the  so-called  mannnillary  system  which  consists  of  a  central 
pool  exchanging  with  m  peripheral  mutually  non-interchanging  pools'"^*.  For  a 
large  m,  the  experimental  tracer  data  derived  from  such  a  general  system  would 
not  in  practice  be  amenable  to  a  rigorous  mathematical  analysis  in  terms  of  an 
(m  +  1  )-pool  model.  Under  certain  rather  broad  assumptions,  however,  such  a 
system  behaves  as  a  simple  two-pool  system.  Assuming  that  all  peripheral  pools 
possess  the  same  relative  rate  A-,  it  can  be  shown  that  the  tracer  e^iuation  of  the 
central  pool  of  such  a  system  with  m  =  2  (and  hence  by  mathematical  induction 
with  any  m  >  2)  is  identical  with  the  corresponding  function  of  an  appropriate 
two-pool  system.  When  the  lat(>ral  pools  of  the  mammillary  system  are  allowed 
to  interchange,  the  now  more  complicated  system,  can  still  behave  as  a  two-pool 
model  under  additional  assumptions  about  the  interchange  constants  between 
lateral  pools It  is  precisely  this  type  of  reasoning  which  justifies  the  approxi- 
mation of  such  innnensely  complicated  .systems  as  the  interchange  of  iron  or 
sodium  between  plasma  and  the  remaining  extracellular  space  in  man,  by  rela- 
tively simple  two-  or  three-pool  models. 

It  is  expedient  at  this  point  to  mention  a  very  diffeient  type  of  appioxiniation, 
which  can  be  applied  to  a  fairly  long  series  of  unilaterally  connected  pools,  i.e., 
to  an  ordered  .secjuence  of  pools  in  which  the  transfer  of  the  basic  suV)stance  takes 
place  only  in  one  direction  from  the  i"'  to  the  (i  +  1 pool'""^'.  Such  a  sy.^tem, 
which  may  represent  a  chain  of  irreversible  chemical  reactions,  can  be  approxi- 
mated by  an  infinite  series.  Let  the  total  amount,  Q,  ,  of  the  basic  substance  in 
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the  system  reniaiii  constant  astlie  nvunl)ei-  ii  of  tlio  individual  vanisliin^ly  small 
pools  of  the  series  ai)])roa('hes  infinity.  Assmuc  that  a  tiaccr  is  introduced  into 
the  system  somewhere  prior  to  the  beguniin.a;  of  the  series;  then,  if  this  series 
empties  into  an  accessilile  tei-minal  pool,  (Jr  ,  with  a  relative  I'ate,  A  .  (  where  /,',. 
is  defined  as  the  amount  transi'encd  from  the  last  pool  of  the  st'ries  into  (Jr  per 
unit  time,  divided  by  the  total  amount  Qj,  its  presence  can  he  detected  in  the 

tracer  distril)ution  of  Qt  only  as  a  time  lag  of  duration  ~     .  As  examples  of 

cases  where  such  approximations  may  he  applicable  in  the  study  of  metabolic 
processes  iii  man,  consider  1 )  the  time  lag  between  the  introduction  of  Fe''  into 
the  bone  marrow  and  its  appearance  in  the  hemoglobin  of  the  circulating  erytho- 
cytes,  and  2  )  the  time  lag  lietween  the  incorporation  of  l'*'  into  the  thyroid  gland 
and  the  subse(iuent  appearance  of  the  I'"  labelled  hormone  in  plasma.  (The 
general  problem  of  pool  systems  with  a  time  lag,  that  is,  systems  where  the  tracer 
recycles  (circulates  repeatedly  through  a  gap),  will  be  dealt  with  in  a  subse- 
quent publication. ) 

In  view  of  the  above  discussion,  it  wDl  be  assumed  that  the  number  n  of  dis- 
tinct exponential  finictions  in  the  tracer  eciuation  of  an  accessible  pool  is  equal  to 
the  number  of  pools  in  the  system.  We  will  further  restrict  ourselves  (unless 
otherwise  specified  )  to  the  consideration  of  "reduced"  systems,  i.e.,  systems 
where  for  each  and  ,/,  the  tracer  material  introduced  into  the  i^^  pool  moves 
from  the  to  the  j"'  pool,  either  directly  or  by  passing  through  a  series  of  inter- 
mediary pools.  "Reduced"  system  refers  only  to  that  part  of  a  total  pool  system 
in  which  bilateral  ( though  not  necessarily  direct )  interchange  exists  between  any 
two  component  pools.  Pools  which  do  not  thus  interchange  with  the  "reduced" 
part  of  the  system  ( unidirectionally  connected  pools,  or  "accumulation  pools"), 
do  not  influence  the  tracer  behavior  of  the  reduced  system,  and  therefore,  do 
not  affect  the  number  of  its  constraints  and  degrees  of  freedom  (see  below).  Such 
reduced  systems  can  be  characterized  by  the  existence  of  at  least  one  chain-con- 
stant Au-Ak-i  ■  ■  ■  A„,hAkj  9^  0  for  each  i  and  j.  Before  considering  the  actual 
evaluations  of  pool-constants  from  a  given  set  of  solutions  of  gi's,  it  is  desirable 
to  obtain  a  general  formulation  of  1 )  the  number  of  pool-constants  ( or  equiva- 
lently  of  their  independent  functions)  which  completely  determine  a  reduced 
n-pool  system,  2)  the  number  of  such  independent  functions  (or  constraints) 
which  can  be  obtained  from  the  knowledge  of  all  or  some  of  the  solutions  of  the 
gi's  and  hence  o  )  the  number  of  the  degrees  of  freedom,  i.e.,  the  number  of  addi- 
tional conditions  or  constraints  which  can  be  further  imposed  upon  the  system 
under  consideration,  n  +  2  constants  can  be  directly  associated  with  each  of  the 
pools  Qi  of  a  reduced  system  in  dynamic  equilibrium,  namely  Q;  ,  ,  E,  = 
AoikiQi  and  Aj,k,Qi's  for  all  j  5^  i.  (Some  of  the  .4,i's  may  be  zeros.)  Hence 
the  total  number  of  such  defining  constants  is  given  by  n{n  +  2).  Note  that  the 
assumption  of  dynamic  equilibrium  is  implicit  in  the  above  considerations  insofar 
as  quantities  Q, ,  Ei ,  etc.  are  utilized.  Figure  2  illustrates  the  case  of  w  =  3. 
Only  of  the  pool  constants  (namely  k/s  and  ^4i/s;  i,  j  =  \,  ■  ■  ■  ,  n;  i  9^  j) 
appear  in  the  differential  equations  describing  the  state  of  the  system,  and  hence 
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in  tlioir  solutions.  The  //  solutions,  (/,"s,  yiold  tr  functions  of  those  pool  constants. 
The /(  exponents,  — X,  ,  forni«  symmetric  functions,  s,  ( where  Si  =  Xx,  ,S2  = 
1  -2  XI  ^•'^j  ,  ■  ■  ■  ,  etc. )  which  in  turn  arc  functions  of  A.'s  and         (see  above). 

In  addition,  each  of  the  n  sets  of  the  coefficients  a,,(j  =  l,  • . .  ,  consists  of 
n  -  1  independent  functions  of  X.'s,  .4,/s  and  A-,'s,  that  is  of  /,-.'s  and  .4./s  only. 
(Note  tiiat  each  complete  set  of  n  a,/s,  j  =  1,  •  •  •  ,  satisfies  also  the  relation 
describing  the  mitial  condition  for  9,(0).)  Therefore,  when  all  the  solutions  of 


S|  E|  =  Aoik,Q| 


TABLE  I 


Reduced  n-pool  Systems  in  Dynamic  Equilibrium,  with  One  Accessible  Pool 


Xumber  of  pools 

Number  of  constants 
determining  the  system 

Number  of  constraints 
(including  Qi  and  n 
equilibrium  conditions) 

Number  of  degrees  of 
freedom 

«(«  +  2) 

3n 

«(«  -  1) 

1 

2 
3 

3 
8 
15 

3 
6 
9 

0 
2 
6 

the  tracer  equations  are  known,  i.e.,  independent  functions  or  constraints  of 
the  n'  pool  constants  A.'s  and  .4,/s  are  available,  these  constants  are  uniquely 
determined.  When  in  addition  n  e(iuilibrium  conditions  are  imposed  upon  the 
system,  only  n  degi-ees  of  freedom  remain:  n(n  -\-  2)  —  —  n  =  n.  These  may 
be  either  n  Q,'s,  n  .S'.'s,  n  K/s,  or  in  general  n  independent  functions  of  Q,'s,  S,'s, 
and  A'.'s.  In  most  practical  in.stances,  however,  only  one  pool,  say  Qi  ,  is  acces- 
sible and,  therefore,  2n  constraints  (besides  the  n  e(iuilil)rium  conditions)  must 
be  satisfied;  these  include  the  value  of  Qi  itself,  as  well  as  n  X,'s  and  n  —  1  of 
the  n  coefficients  a],  of  the  solution  r/i  =  +  ai.,(~^"'  +  ■  ■  •  +  ai^e, 

The  case  of  a  reduced  //-pool  sy.stem  with  only  oik;  accessible  pool  is  sunimarizcd 
in  Table  I. 
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If  we  consider  the  pool-system  from  the  point  of  view  of  triicei-  (Ustrihntion 
only  where  the  tracer  is  snbject  to  the  first  order  reaction  rates,  the  e(|iiilil)rinm 
conditions  are  no  longer  relevant  and  the  actnal  amonnts  of  the  hasic  sul)staiic(> 
present  in,  leaving,  or  entering  each  pool,  do  not  affect  the  distrihution  of  the 
tracer.  In  fact,  the  basic  snbstance  need  not  be  present  in  the  organism  at  all, 
as  may  be  the  case  in  the  distribution  studies  of  non-physiological  sul)stances. 
In  such  cases,  Table  I  should  Ix'  replced  by  Table  II. 

In  conclusion,  it  should  be  noted  that  in  the  general  case  of  a  reduced  system, 
the  coefficients  a.-^.  of  the  exponential  function  c~^''  with  the  smallest  real  X;  are 
positive,  a,,  >  0,  for  all  i.  After  a  sufficiently  long  time  interval,  /,  th(>  ai^c~^'' 
for  such  smallest  real  \j  will  Ix'come  the  dominant  term  of  each  sohition,  g,  . 
Eventually  these  solutions  will  approach  constant  ratios  and  can  he  represe)ited 
by  parallel  lines  on  semilog  paper. 

TABLE  II 


Reduced  n-pool  Tracer  Distribution  Si/stews 


Number  of  pools 

Number  of 
accessible  pools 

Number  of  constants 
determining  the 
system 

Number  of  available 
functions  (not  includ- 
ing Q,'s  and  equilib- 
rium conditions) 

Number  of  degrtes  of 
freedom 

»  +  m  (n  -  1} 

(«  -  1)  (n  -  m) 

1 

2 
2 

3 

1 
1 

2 
1 

1 

4 
4 
9 

1 

3 
4 
5 

0 

1 

0 

4 

TWO-POOL  SYSTEMS  WITH  SPECIAL  EMPHASIS  ON  MODELS  FOR  IRON  METABOLISM 


Section  1.  Solutions  of  two-pool  systems. 

In  the  case  of  a  two-pool  system  (Fig.  3),  the  equations  and  solutions  dis- 
cussed above  reduce  to  the  following : 


dt 


Dip)  = 


p  +  />•,  -Anh 
-A,,l:,    p  +  k, 

=  p'  +  (A-i  +  k-2)p  +  (1  -  .4i2.42i)A-iA'2  =  (p  +  Xi)(p  +  X2). 
Let  — Xi  and  — X2  be  the  roots  of  D(p)  =  0:  Then, 

A-i  +  A-2  -f  -n/(A-i  +  A-o)-  -  4(1  -  .4 12.421  )A-iA-2 


A-i  +  A-2  -  V(k,  +  koV-  -  4(1  -  .4 12.421  )A-iA-o 
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Tlu'  derivative  of  D(  p  )  with  respect  to  p  becomes 

/>>'(/;  I  =  2p  +  /.-,  +  . 
The  initial  conditions  are  given  as  ^iiO)  =     and  9,.(  0i  =  0.  Hence 
r/ti  —Aiiko 
0     p  +  h 
P  +  /.-i  qo 

-A-nh;  0 
Sz.  era 


-V,(p) 


9o(p  +  A-o) 
q^Anl'i  . 


Fig.  3.  .Schematic  representation  of  a  two- 
|)0(j1  system. 


From  this  it  follows  that,  for  — X,      — X> 

71 


A'l'  -Xi)  ^-x„ 
5o  D'(-Xi)^ 


.V,(  -X.>) 
D'i  -Xo) 


and 


.V2<  -Xl)  ^-X 


V  +(A-i-A-2) 
2v/- 


,    -Vo^  -X2)  -xw 


V" 


A-2) 


2V^ 


V 


where  X's  are  given  above,  and  \/    stands  for 


VrA-i  +  A-o)=  -  4(1  -  .4i2-l2,)AV.-,. 

When  — Xi  =  —X..,  the  discriminant  of  the  characteristic  polynomial  D(p) 
is  e(|ual  to  zero,  1  Aj  -f  A^  r  —  4(  1  —  .4i2.l2i  )AiA-2  =  0,  and  therefore  both  -4i2.42i  = 
0  and  Ai  =  A-2  .  Since  A21  =  0  implies  a  one-pool  system,  we  only  need  to  con- 
sider the  special  case  of  a  two-pool  system  with  unidirectional  flow,  i.e.,  with 
^12  =  0,  and  with  (•(nial  iclative  rates  A",  =  A^  =  A": 


df/i 
<ll 

dq. 
fll 


■kq. 


A  nhqi  -  I  q-i 


The  .'solutions  for  the  repeated  roots  — Xi  =  — X2  become: 
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1l  =  g-*' 
9c 

(see  Appendix  for  an  altrinate  proof). 

In  the  case  of  unidirectional  flow  with  uneeiual  relative  rates  (i.e.,  .I12  =  0 
and  ki  5^  /,••.),  the  zeros  of  Dip)  Ix'come  —  Xi  =  — /.'i  and  —X-,  =  —/.'a,  and 
therefore : 

r/:  ^ 

Finally,  in  the  case  of  a  closed  system,  i.e.,  a  system  for  which  the  basic 
substance  neither  enters  nor  leaves  the  system  as  a  whole  {A12  =  A21  =  1  and 
Aoi  =  A02  =  0),  the  two  zeros  (i.e.,  solutions)  of  the  characteristic  equation 
D[p)  become 

-Xi  =  -(/.-i  +  A-,)    and    -X,  =  0, 
and  therefore  the  two  solutions  are: 

Ql   ^  A'l  -(A-i+A.-,)(     I  _  kj         (11^  -(A-i+A-.>)/\ 

qr.  ~~  A-1  +  A2  ^  A-i  +  k,      A-i  +  A>  V       A-2  / 

and 

f/„      A-1  +  A-o 

It  should  be  noted  that  when  the  two  pools,  Qi  and  Q2 ,  are  spatially  indis- 
tinguishable, the  total  tiacer  content  qr  of  the  combined  pool  Qt  =  Qi  +  Q2  is 
given  by  qr  =  qi  +  q-i  ■  If  the  initial  tracer  dose  50  is  introduced  into  Qi  exclu- 
sively, the  equation  for  qr  becomes 

qr  ^  V~  +  (A-1  -  A-2)  -  2.42iA-i  _x,,  V"  -  jki  -  k^)  +  2.4.1^1  -x.,< 
fyu  2V~  '  2V~  '  ■ 

If  only  a  fraction  of  the  initial  tracer  dose  qo  is  introduced  into  Qi  (and  the  re- 
mainder into  Qo ) ,  the  expression  for  —  becomes  more  complicated  and  will  be 

9o 

discussed  in  Section  4. 

In  the  present  section  the  tracer  ecjuations  (as  functions  of  time)  for  given 
two-pool  systems,  i.e.,  for  given  sets  of  parameters  have  been  considered.  In 
practice,  the  more  important  problem  is  the  converse,  namely  that  of  determin- 
ing the  pool  constants  from  derived  tracer  ecjuations.  From  Table  I  it  follows 
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tliat  a  single  such  tniuation  does  not  suffice  to  deteiniiue  conipletelj-  a  two-pool 
system.  Even  when  the  sj^steni  is  assumed  to  be  in  dynamic  equilibrium,  and 
wlien  in  addition  to  the  constants  of  the  tracer  equation,  the  amount  of  the  stable 
isotope  in  the  accessible  pool  is  known,  two  degrees  of  freedom  still  remain. 
Therefore  a  general  steady  state  two-pool  system  with  a  single  accessible  pool  is 
indeterminate,  unless  two  additional  independent  conditions  are  imposed  upon 
it.  Such  paii-s  of  conditions  may  assume  a  variety  of  forms  which,  however,  can 
be  shown  to  be  equivalent  to  each  other.  Since  we  are  primarily  interested  in  iron 
metabolism,  we  will  in  the  following  section  express  these  conditions  in  terms 
most  appropriate  for  this  purpose,  rather  than  seek  the  simplest  or  most  elegant 
formulation  of  the  problem. 

Section  2.  Approximation  of  two-pool  tracer  distribution  data  (pla^tna  Fe"^  disap- 
pearance) by  a  sum  of  two  exponential  functions. 

In  Section  1,  pool  systems  were  considered  from  the  theoretical  viewpoint 
only,  without  direct  reference  to  their  physiological  counterparts.  An  analysis 
of  some  aspects  of  iron  kinetics  as  reflected  in  the  disappearance  of  Fe'"*  from 
plasma  during  the  first  four  to  six  hours  after  intravenous  injection  will  now  be 
considered The  results  of  this  analysis  will  be  applicable  to  other  similar 
systems  where  the  tracer  disappearance  data  from  an  accessible  pool,  or  a  com- 
l)ination  of  pools,  can  be  reasonably  well  approximat(>d,  over  a  sufficiently  long 
period  of  tmie,  by  a  sum  of  two  exponential  functions:  qi(t)  =  aie~^''  -f  a2e~^-' 
(  here  ai,  is  replaced  by  ai  and  au  by  a2).  Such  appioximation  or  curve-fitting 
can  be  achieved  in  any  one  of  the  several  accepted  ways,  including  the  use  of  an 
analogue  computer. 

In  the  case  of  plasma  Fe'^  disappearance  data,  Xi  is  usually  significantly  larger 
than  X-j  ,  and  after  two  to  four  hours  the  value  of  aie~^^'  becomes  small  in  com- 
parison with  that  of  a-2e~^'''.  Therefore,  in  practice,  the  curve-fitting  may  proceed 
as  follows:  drawing  the  approximating  straight  line  ij^  =  oc-2i~  ''  (  whenever  feasi- 
ble this  is  drawn  through  the  last  few  experimental  points  plotted  on  semilog 
paper),  and  subtracting  from  the  given  data  the  ordinates  of  the  corresponding 
points  on  the  aliove  line,  will  give  a  new  set  of  points  which  must  then  in  turn  be 
approximated  by  another  straight  line  =  aic"^"'  on  the  semilog  paper.  Some- 
times several  changes  in  the  assumed  function  a2e~^'''  are  necessary  before  a 
reasonably  good  fit  aie~^''  can  be  obtained.  (This  is  especially  true  when  aie~^'' 
does  not  become  sufficiently  small  for  /  <  4  hours. )  The  sum  of  the  above  two 
exponential  functions  then  forms  the  first  rough  approximation.  Further  refine- 
ments are  achieved  by  slightly  varying  the  values  of  Xi  and  X. ,  and  by  determin- 
ing numerically  by  trial  and  error  the  most  suitable  values  for  ai  and  a-,  for  each 
set  of  values  of  Xi  and  X2 .  The  final  theoretical  values,  as  well  as  the  experimental 
points  are  then  normalized  by  dividing  them  by  the  initial  value  of  the  tracer 
Qt,  =  ai  +  a2 .  The  initial  values  q(0)  =  70 ,  as  well  as  q(t)  =  aic"  '  +  a^e  , 
represent  either  the  total  amount  of  tracer  present  in  a  given  pool  at  the  time  t, 
or  an  alicjuot  thereof.  These  values  can  be  expressed  in  terms  of  milligrams, 
millicuries,  or  as  counts  per  unit  time  per  given  volume.  The  normalized  values 
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,  tlierefore,  represent  the  fractional  anuniuts  of  the  initial  dose  remaining  in 

plasma  at  the  time  /. 

It  should  be  emphasized  tliat  as  long  as  the  experimental  plasma  iV'  disap- 
pearance data  of  the  first  four  to  six  hours  are  closely  approximated  by  the  sum 
of  two  exponential  functions  ( i.e.,  within  the  accuracy  (Ictcriuiiu'd  l)y  the  stand- 
ard deviation  inherent  in  the  mcasui  iug  autl  counting  tccluiiiiues  i ,  it  is  neither 
necessary  nor  justifiable  to  assume  more  than  two  p  ols  with  siguiiicant  inter- 
change during  the  initial  experimental  p(-riod.  This  i  not  inconsistent  with  the 
assumption  of  a  more  complicated  pool  system  when  considered  ovcv  a  longer 
period  of  time.  The  pool  constants  derived  from  a  long  range  analysis  will  not 
differ  significantly  from  the  corresponding  constants  calculated  on  the  l)asis  of 
the  initial  two  pool  system. 

The  mere  fact  that  plasma  Fe°^  disappearance  data  can  be  closely  approxi- 
mated by  a  sum  of  two  exponential  functions,  opens  the  possibility  of  three 
alternative  fundamental  assumptions: 

I.  Plasma  u'on  represents  one  of  two  spatially  separated  interchanging  pools. 

II.  Plasma  iron  consists  of  two  spatially  indistinguishable  interchanging  pools 
which  dif^'er  from  eacli  other  in  chemical  state  or  in  reactivity  of  their  iron. 

III.  Plasma  iron  consists  of  two  spatially  indistinguishable  non-interchanging 
iron  pools. 

Section  3.  Plasma  iron  o.s  one  of  two  spatiallij  separated  interchanging  pools  of 
iron  metabolism. 

From  the  pi-actical  point  of  view,  this  is  probably  the  most  important  alterna- 
tive. Here  plasma  represents  the  accessible  pool  Qi  with  the  known  titiantity  Qi 
of  the  stable  isotope.  The  three  constants  A'l  ,  and  .4i2-42i  can  be  obtained  from 
the  normalized  approximating  equation 

f/l  -X,(     I  -Xot 

qa 

(where, 

V~  +  (h  -  k,) 
=   2V=  

and 

^  V~  -  (A-1  -  h) 
are  normalized  coefficients  of  the  exponential  functions,  and  where. 
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and 


as  follows : 


and 


\/~  =  V(A-i  +  A-o)2  -  4(1  -  AuA-20hh 
A-i  +  A-2  =  Xi  +  X-> 
I'l  -  h  =  («!  -  a-i)  V    =  (Oi  -  (7o)(Xi  -  Xo) 


yield  the  values  of  ki  and  k-2  in  tenns  of  Oj  ,  Oo  ,  Xi  and      .  The  value  of 
follows  then  from  the  expression 

According  to  Table  I,  this  leaves  two  degrees  of  freedom  in  cases  of  dynamic 
e(iuilil)rium.  The  two  conditions  which  will  now  be  imposed  upon  the  system 
and  which  must  not  be  functions  of  Qi  ,  ki  ,  k^,  and  .4i2.l2i  alone,  can  be  given 


as 


and 


Si  +  S2 


E,  +  E; 


=  '-"  =  s^T^j' 


and  will  l)e  referred  to  as  the  modes  of  entry  and  exit  of  the  basic  substance  into 
and  from  the  two-pool  system.  In  the  following  we  will  Ihnit  ourselves  to  only 
four  modes  of  entry  and  exit  respectively,  which  will  result  in  sixteen  possible 
coml)inations,  i.e.,  in  sixteen  different  models  of  the  general  two-pool  system. 
Below,  in  the  definitions  of  the  four  modes  of  exit  and  of  entry  considered,  the 
notations  in  parentheses  refer  to  modes  of  entry: 

I  (or  a):  All  exit  from  (or  entry  to)  the  system  takes  place  through  jjool  I, 
i.e.,  the  accessible  pool  Qi  . 

II  (or  b) :  All  exit  from  (or  entry  to)  the  system  takes  place  through  pool  II. 

III  (or  c):  Fraction  U,  of  the  total  amount  leaving  (or  entering)  the  system, 
leaves  (or  enters)  through  pool  I;  fraction  1  —  I',  leaves  (orenters)  through  pool 
II.  Here  f  %  ,  the  effective  uptake,  is  defined  as 

^,  _  amt.  of  Fe  leaving  the  .system  which  is  utilized  for  Hgb.  .synthesi.< 
total  amount  of  iron  leaving  the  (two-pool)  sy.'<tem 

This  should  he  distinguislicd  fiom  tlie  maximum  uptake,  ( ',  which  is  the  fract  ion 
of  initial  tracer  dose  q»  utilized  ((»■  hemoglobin  formation. 

IV  (or  d):  Fraction  1  —  T,  of  the  total  amount  leaving  (or  entering)  the 
system,  leaves  (orenters)  tluough  pool  I:  fraction  T,  leaves  (or  enters)  through 
pool  II. 
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In  Table  III  the  Ki  models  are  giouped  aceordiiig  to  their  modes  of  exit  and 
entry  which  in  turn  can  he  equally  well  described  in  terms  of  Ci  ,  i.e.,  the  fraction 
of  initial  tracer  dose  f/o  which  eventually  leaxcs  the  system  throuf2;h  pool  I:  in 

r.\HLK  III 

Sixteen  Extreme  Two-Pool  Models  Characterized  bij  Their  Modes  of  Exit  and  Entry 


MODE  OF  ENTRY 


KRACT.ON    *r6fe  OF 

KRACTCON  ^l"''^ 

THROUGH  POOL  1 

THROUGH  POOL  11 

TOTAL  AMOUNT  EHTER- 
ING  THE  SYSTEM  ENTERS 

l-RACT10N«^j(.0  ENTERS 
POOL  11  ^ 

*^|^6fe"^"E« 

<5,=  c/e 

ALL  EXIT  THROUGH 

0^ 

( ) 

la 

lb 

Ic 

Id 

1 

/ 

1  1 

;  J. 

ALL  EXIT  THROUGH 

(         0  ) 

Ha 

nb 

He 

Dc 

FRACTION  ti>',  =  C^  OF 

THE  SYSTEM  LEAVES 
THROUGH  POOL  I 
FRACTIONi^.J-l^LEAVES 

{^,=  0  ) 

ma 

mb 

0^ 

nic 

ffld 

FRACTION  iJiSHy^XAVES 
F  RA  C  T 1 0  N  L^=  (y^  L  E  A  V  ES 

nza 

GZb 

ISc 

group  I,  Ci  =  1;  in  group  II,  ci  =  0;  in  j^roup  III,  cx  =  U;  and  finally  in  group 
IV,  ei  =  1  -  r. 

Each  of  the  sets  of  two  defining  relations  (mode  of  entry  and  mode  of  exit) 
imposed  upon  the  above  models,  together  with  the  constants  of  the  approximat- 
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iug  equation  for  the  plasma  Fe'"'  disappearance,  tlie  eciuilil)rium  conditions,  and 
the  total  plasma  ii-on,  Qi ,  determine  a  two-pool  system  completely.  The  parame- 
ters which  are  of  particular  physiological  significance,  and  which  can  now  be 
calculated  for  each  of  the  sixteen  models,  are  the  following: 

1.  Qo  =  quantity  of  ii-on  in  the  second  pool,  Q-2  . 

2.  R.  =  El  +  E2  =  the  effective  iron  turnover,  i.e.,  the  absolute  rate  of  disap- 
pearance of  u'on  from  the  two-pool  system  as  a  whole. 

3.  L\  =  effective  uptake,  i.e.,  fraction  of      which  is  utilized  for  the  formation 
of  hemoglobin. 

In  studying  iron  metabolism  it  will  be  convenient  to  express  .4oi  and  Aoi  (and 
hence  also,  Ayi  and  -42i )  as  explicit  functions  of  Ci ,  i.e.,  fractions  of  tracer  leaving 
the  two-pool  system  through  plasma,  ^1  ,  and  the  interchange  constant  .4i>-42i . 
From  the  definitions  of  (1  and  Ei  =  AoJciQi  ,  it  follows  that 


1 

Pi  =  - 
and 


-  f  .loi/.v/i  fit  =  -loiA-,  f  +  a.2e-^")  fit  =  JoiA-i  + 

n  ''0  .  0  \Ai  A-.>/ 


f-o  =  1  —  ei  =   — —  /    (e  -  —  e   ^  )  at 

V  -0 

Substituting  the  corresponding  pool  constants  for     ,  n-. ,  Xi  and  X2  we  get 

-4u, 

=  1  -  .4.-4. 

.4  01  =  ei(  1  -  -4,.,.4.,i) 

^    ^  (1  -  -  .4 12-4 21) 

"     ~    1  -  fid  -  .412.4,1) 

.421  =  1  -  ei(  1  -  .4 12.42,) 

,       ^  -4l2.42. 
'    "         1    -   fid    -   -4 12-421) 

In  the  following,  the  three  ecjuilibrium  conditions  (■•E.C."'s),  only  two  of 
which  are  independent,  will  be  referred  to  by  their  numbers  as  follows: 

E.C.  I    stands  for  <Si  +  S2  =  E,  +  E.  =  AJ^iQi  +  A^^hCh  ■ 

E.C.  II  stands  for  Si  +  ^i2A-2Q2  =  E^  +  A^J.^Q,  =  AiQ, . 

E.C.  Ill  stands  for  .S'2  +  A^^k^Qi  =  Eo  +  .4i2/;2Q2  =  hQi  ■ 

Physiological  constants  for  the  models  of  group  I. 

In  this  case  all  exit  takes  place  through  pool  Qi ,  which  implies, 

E2  =  0;  fi  =  1;  ylo2  =  0;  .4 12  =  1 ;       =  U. 

Hence 
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.421  =  AioA-ii 

J„,  =  1  -  .4,1  =  1  - 

and,  therefore, 

R,  =  E,  +  E,  =  A,Mh  =  (1  -  .4io.lo,)A-iQi  . 

The  amount  Q-i  of  the  second  pool  must  be  calculated  separately  for  each 
model  in  this  group.  For  instance  in  the  case  of  [Model  Ic  we  get  the  relation 
(Ti  =  U e  —  U  and  hence  Si  =  o-i(<S'i  +  S-i)  =  <JiEi  =  UAoil'iQi  ■  Substituting 
this  last  value  for  »Si  in  E.G.  II,  we  get 

kiQi  =  Si  +  Ai,hQ-,  =  CA.ihQi  +  k^Q, 


Q,  =  [i  -  U(\  -  Ay,An)]^^Qi. 

Physiological  constants  for  the  models  of  group  III. 

In  this  group  e^  =  U.  Therefore,  Aoi  and  .4o2  can  be  written  as 
.4oi  =  ei{l  -  AuAii)  =  U(l  -  AiiA.i) 

^    (1    -  -   .4 12.421) 

*  °'       1  -  U{1  -  AuA-n)  ' 
Substituting  these  values  for  .4oi  and  .4o2  into  the  equation 

Ke  =  A„ikiQi  +  .4o2A-2Q2 

we  get 

p  -  T'^^  A  A  M-n  I  (1  -  ^)(1  -  .4i2.42i)  ^ 
iie  =  L  (1  -  Ai2.42i)Aiyi  +  —  J—-  — — — -  kiQi 


Similarly, 


_      ^1      _  ^4oiA-iQi  _[/(!-  .4i2^2i)A-iQi 


El  +  Ei  Re  Re 

In  the  case  of  ]\Iodel  IIIc  there  exists  an  additional  relation  *Si  =  Ei ,  and  E.G. 
II  reduces  to  .4i2A'2Q2  =  .42iAiQi  .  Hence 

Q.,  =  iki^i       =  fl  -  -  AnAn)f 

Auk-,  .4 12.4  21  A-2 

P      .4 12.421  +  (1  -  Ufil  -  AnA,i)  J   J  wn 

iie  =   -. —   (1  —  .4i2.42l)A-iyi  . 

-4  12/1 21 

Table  IV  gives  the  values  of  Qz ,  Re  and  Ue  in  terms  of  Ai  ,  A-2 ,  Ai2.42i ,  Qi  and  U 
for  each  of  the  sixteen  models. 

The  above  choice  of  sixteen  representative  models  was  governed  by  the  as- 


Calculations  of  Clinical  Parameters  of  Iron  M etabolisin  for  the  Sixteen  Extreme 
Two-Pool  M odds 


Factor 

Models  whos  ■ 
values  for  (1  • 
arc  oblaiiud  In 
multiplying  tlie 
corresponding 
factor  by 

eo  =  ;-:Q.. 

Models  whose            ,,      ,            Models  whose 
vah.es  for  K,       M"l<-1*;      ^'^     values  for  U,K, 
are  iihtained  In                     11',.    ^re  oblained  bv 
n,uh,ply,n.,he  nndtiplyin«,he 
ct>rres[ioii(.lniL'              ;      i-         ( orres|)oiiding 
fa.lorl.v          LOiie-.i.omimL  faelorbv 
A".  =  .1    -             '''^".T    -           A'"f  =  11'- 
Ar;A,0hdh                  ^'             1   . 1  ij.l  im  lA'iOi  t/ 

1 

lb;  Ila; 
Illd; 
IVc. 

la,  b,  c,  d; 
Ila; 
Ilia; 
IVa. 

la,  b,  c,  d; 
Ila,  b,  c, 
d;  Ilia; 
IVa. 

la,  b,  c,  d; 
Ila;  Ilia, 
b    c,  d; 
IVa. 

1 

A  VI  A  n 

la 
lib 

lib 

lib;  IVb 

1  -  ^(1  -  AiM 
1 

Ic;  Ilia 
Ild 

lid 

lid 

1  -  U(l  -  AiM 

.4,2.42, 
1   -              -  .4i2/l2,) 

Illb 

Illb 

Illb 

.4,2.42,  +    C/(l   -  .4,2.42,) 

1 

.4  12.421  +  {/(I  -  ^12^21) 

Id;  IVa 
lie 

lie 

IVb 

He;  IVe 

^12^21  +   U{1   -   A  ,2.42,) 
^12^21 

[.4 12-4 2,  +  U(l  -  .4,2.4  2,)]^ 

IVb 
IVd 

IVb 

IVd 

[1  -  U(l  -  AnA^i)]' 
.412.4., 

1  -  (7(1  -  .4,2/1 2.) 
1  —  f/*(l  —  .4iji42i) 

IIIc 

Illd 

AliAn  +  a  -  U)Hl  -  AnAn) 
AliAn 

/I,  2.4  2, 

AuAn  +  (1  -  U)Hi  -  AliAn) 

Ille 

IIIc 
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are  obtairuil 
multiplying  llu- 
corrcspondinf; 
factor  bv 


multiplying'  the 
corresponding 
factor  by 
U 


factor  by 
KoU  =  (1  - 
Ai2An)kiQiU 


1   -    UHl   -  Ay,A2l) 

1  -  C'd  - 

1  -  (1  -  U}'a  -  A, ..An) 
-4 12.4.1  +  U(l  -  .4,2.42.) 


1  -  (1  -  Vy{l  -  .4i2.42i) 
.4 12.421  +  -  .4 12.421) 


^12.4, 


IVd 


.4l2.42.  +  U(l  -  .4,2.421) 
.4  12.4  21  +  -   .4,2.4  2l) 


IVd 


sumption  that  all  iron  destined  for  red  cell  formation  leaves  the  system  through 
onty  one  of  the  two  pools,  and  that  the  remaining  iron  leaves  either  through  the 
same  pool  or  through  the  other  pool  only.  Similar  assumptions  were  made  about 
the  iron  entering  the  system.  It  should  be  emphasized  that  this  particular  selec- 
I     tion  of  models  is  arbitrary,  and  that  none  of  the  models  may  reflect  the  actual 
I     mechanism  of  iron  metabolism.  Though  theoretically  o-,  and  co,  can  assume  all 
I     values  between  zero  and  one  (0  <  o-i ,      <  1),  in  practice  we  must  start  by 
I     considering  only  a  limited  number  of  physiologically  feasible  models.  It  should 
be  possible  to  reduce  the  number  of  such  initial  models  by  means  of  a  detailed 
analysis  of  different  observed  physiological  parameters  in  cases  of  blood  dyscrasias 
and  in  normal  subjects.  Some  of  the  models  may  yield  data  inconsistent  with 
those  obtained  by  other  proven  methods,  or  contradictory  to  well  established 
physiological  principles.  It  is  this  type  of  reasoning  applied  to  hemoglobin  re- 
newal in  polycythemia  vera  that  allows  for  elimination  of  Models  lib,  Ild,  IVb 
and  IVd*''\  Similarly  the  elimination  of  all  Models  of  group  I  (la,  lb,  Ic,  Id) 
follows  from  in  vivo  studies 

Among  the  parameters  which  may  be  useful  in  studies  of  various  metabolic 
systems  ( though  not  at  present  directly  applicable  to  iron  metabolism )  are  the 

limiting  values  for  /  very  large,  of  the  ratios  —  and         i.e.,  of  the  ratios  of  the 

qi  q\Qi 

tracer  amounts  and  of  the  specific  activities,  respectively,  of  the  two  pools.  At 
the  limit,  when  t  becomes  very  large,  the  exponential  function  e~^''  becomes 
very  small,  and  the  ratio  of  the  activities  in  the  two  pools  approaches  a  constant 
L: 
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Smiilarly,  the  ratio  of  the  specific  activities  becomes 

qiQz         V    -  (Ai  -  A-,)  (?,• 

Xote  that  this  ratio  differs  «-ith  different  models,  and  does  not  as  a  rule  approach 
unity.  In  the  special  case  of  a  closed  system  (  Fig.  4 ) ,  when  £"1  -  =  .Si  =  >'2  = 
0  and  A21  =  AuA-n  =  .4i2  =  1,  these  equations  reduce  to 

q-2         A-.  Q, 

and 

k^Q, 

respectively. 


Fk;.  4.  Schematic  representation  of  a  closed 
two-pool  system. 


In  the  case  of  the  alx)ve  sixteen  models,  the  value  of  — ^  is  obtained  from 

Table  IV,  and  An  is  calculated  from  the  equation  .4 21  =  1  —  e^l  —  -4i2-42i). 
In  general,  however,  when  ei  is  not  given,  the  conditions  of  entiy  and  e.xit 
can  be  expressed  directly  in  terms  of  <r's  and  w's  ( 1  >  a, ,  a-,  >  0  and  ^  a,  = 

^  fa),-  =  1).  The  constants  -42i  and  — can  then  l)e  determined  as  functions 

of  ff's  and  w's  as  follows:  From  the  definitions,  and  the  E.C.  II 

<Ti(-4oiA-,Q,  +  -4o2A-2(?2i  +  Ay4:4J,  =  k,Q, 

and  hence 

QJ'l  ^  .4 120-2  +  cry 
QjA"*         -421<7l  +  <T2 

Similarly,  from  the  definitions  of  w's  we  get  for  wi  ,  0:0  9^  0  (and  hence  .4oi , 
.4o2  9^  0) : 

fa>i  _  .4oiA"iQi 
o>t  AoiktQi 

or 

QiA-i  ^  fa^id  -  .4 12) 
Q^.~  u>.(l  -  An)  ' 
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E(iuating  the  two  cxprossious  for  we  finally  obtain  a  (luadiatic  eciuation 
for  .I21  in  terms  of  o-j  ,  wi  ,  and  .412-421  alone: 

-4210-1  +  -42l[wi   -   0-1  +  -4,2-421(1    -   (71   -   Wi)]    -   -4i2.42l(l    "   (Tl  )    =  0. 

Note  that  this  equation  holds  for  all  acceptable  values  of  o-'s  and  w's  including 
zeros.  Once  -42i  (and  therefore  -4oi ,  -I02  and  -4 12)  has  been  expressed  in  the  above 
terms,  the  physiological  parameters  and  Qi  of  the  most  general  two-pool 
model  can  be  written  in  terms  of  w's,  cr's,  and  the  constants  of  the  approximating 
ecjuation : 


From 


it  follows  that 


and  therefore 

Re 


Qlki  __  A  12(72  +  (Tl 
Q2^"2         -42lO'l  +  (To 


Q -421(71  +  <T2  A'l  ^, 
-  ~  1  i  T  ^1 

-4 12(72  +  (Tl  ko 


lA-iQi  +  -4n2A-2Q2  =  (-4oi  +  t^'"^  I     Ao)  A-iQi 

\  .4 12(72  +  (7i  / 


In  dealing  with  experimental  data,  it  may  be  desii-able  so  express  the  possible 

range  of  the  limiting  values  of  — ,  i.e.,  of  L,  as  a  function  of  A'l  and  A-2  alone. 

These  limiting  values  may  assume  a  special  significance  in  distribution  studies 
of  such  long  life  non-physiological  tracers  as  radium  or  thorium.  The  explicit 
value  of  L  was  shown  to  be 

2A2iki  N 


V~  -  (A-i  -  A-2)      D  • 

For  A'l  >  A-2  the  maximum  value  2A-2  of  the  denominator,  D,  is  assumed  when 
AnA^i  =  1.  On  the  other  hand  D  becomes  arbitrarily  small  for  sufficiently  small 
^12-421 ,  i.e.,  sufficiently  small  .4x2 .  Therefore,  given  an  appropriate  model,  L 
can  assume  any  positive  value  such  that 

L  >-42i^. 

^2 

Similarly,  when  A-2  >  Ai  : 

2(A-2  -  A-i)  <  Z>  <  2A-2 

and 
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Hence  when  A-.>  is  very  much  larger  than  Ai ,  L  is  appioxiniately  eciual  to  -4oi  ^  : 

^  .1,,^    for  /.•,»/,-,. 
Finally,  when  ki  =  /,o  ,  the  expression  for  L  reduces  to 

In  this  latter  case.  L  is  independent  of  the  rate  constants  and  can  assume  any 
positive  value  for  appropriate  values  of       and  .4i2  . 

Table  I\'  demonstrates  the  fact  that  the  value  of  ~  is  a  function  of  the  par- 
ticular model  under  consideration,  and  camiot  be  deduced  duectly  from  the 
approximating  ecjuation  without  further  assumptions;  yet  a  direct  evaluation  of 

^  from  the  approximatinji  curve  is  repeatedly  attempted  by  workers  in  the  field 

of  tracer  analysis.  Such  a  direct  evaluation  of  ~  is  based  on  the  assumption 

that  the  ratio  of  the  sum  of  both  pools  to  the  first  accessible  pool  is  erjual  to  the 
ratio  of  the  0-time  intercept  of  the  approximating  cur\  e  to  the  o-time  intercept 
of  the  tangent  to  the  final  interval  of  such  curve,  i.e., 

Qi  +  (h      «i  +  "2  Q2      ai  Qi 

  =    or     7^  =  —  =  ~ , 

Qi  Qi      a-2  a-i 

where  Oi  and  a-,  are  the  coefficients  of  the  iioiiiialized  approximating  ecjuation 

—  =  fllC       +02^    '  . 

7'. 

The  above  equalities  can  be  realized  only  under  very  special  conditions.  Let 

Q,  I., 

stand  for  the  factors  of  Table  which  describe  the  relationship  between  pools 
Q2  and  Qi ,  so  that  for  each  of  the  sixteen  models  the  assumed  ecjuality  reduces  to 

Qj  ^  j,t^^<^^  V~  +  (A-i  -  A-2) 

^^1       l.i     (h     V  '  -  (I'l  -  A'2) 


(F/.-i  -  h)  V    =  C/.-i  -  h)(Fki  -f  k,). 

(Note  that  this  efjuality  is  satisfied  in  the  special  case  of  a  closed  system,  i.e., 
when/''  =  1  and  \/~  =  Ai  +  A-2).  In  general,  when  Ai  =  Ao ,  the  equality  is  sat- 
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isfied  for  =  1,  i.e.,  only  for  models  11),  Ila,  llld  and  n'c  of  Table  III.  When 
A'l  9^  k-i  ,  tlie  expression  (Fki  —  /.•_.)  in  tlie  last  eciuality  cannot  he  zero,  and 
y/    can  he  written  as 

^    =^^-''^  +  -  Fk.-k.    =A,-A,  +  ■ 
Since  in  this  case  <  /.i  +  Al-  ,  it  follows  that 

A-i  -  A-2  /  ,        ,    A-,  -  A-,  ^  , 
<  1    and    <  1. 


FA-i  -  A-..  A- 

y  -  /M 

Therefore,  when  A'l  >  k-,  ,  F  must  satisfy  the  condition  Fki  —  kn  >  Ai  —  A.i  , 
i.e.,  F  >  1,  which  automatically  eliminates  from  consideration  all  models  of 
Table  III  except  lib,  c,  d,  Illb,  c,  and  d.  Similarly,  when  A':  <  A,.  ,  it  follows 
that  F  <  \,  which  in  turn  eliminates  all  models  except  la,  c,  d,  Ilia,  c,  and  IVa,  d. 
It  should  be  noted  that  e\  en  when  a  solution  is  possible  for  a  given  model  and 
particular  \-alues  of  Aj  and  A-j ,  the  eciuality 

a-2  ko 

can  t)e  satisfied  only  for  special  values  of  the  interchange  constant  .4i2^42i  .  Hence 

^  cannot  in  general  he  derived  from  the  constants  of  the  approximating  curve. 

In  the  preceding,  the  two  arbitrary  conditions  necessary  to  determine  the  two- 
pool  system  completely,  were  expressed  in  terms  of  the  modes  of  entry  and  exit, 
i.e.,  in  terms  of  a'a  and  w's.  Such  an  approach  is  especially  well  adapted  to  studies 
of  iron  metabolism  where  the  data  on  maximum  uptake,  U,  are  readily  available. 
It  should  be  Ixjrne  in  mind,  how(>\-er,  that  the  above  procedure  is  general,  and 
that  though  a  large  \'ariety  of  pairs  of  two  independent  conditions  may  be  used, 
each  such  pair  can  be  reduced  to  conditions  expressed  in  terms  of  <t's  and  w's. 
For  instance,  if  the  first  condition  is  one  of  the  ^'s  (^4 12^21  and  either  ^oi ,  ^21 , 
A02  or  A12  define  all  remaining  .4's),  the  second  can  be  one  of  the  following: 
Q2 ,  El ,  El  -\-  E2 ,  E-i  ,  .S'l  ,  ,S',  -|-  S-i ,  S'2  ,  (Ji  ,  0-2 ,  wi  or  W2 .  If  the  second  condition 
is  Q2 ,  it  follows  from  E.C.  II  that  .S'l  =  kiQi  —  .4i2AoQ2.  On  the  other  hand 
El  =  ^4oiA-iQi  and  Eo  =  Aoof'iQ-i  ■  From  Ni ,  Ei  and  E-, ,  the  values  of  a's  and  w's 
follow  directly. 

Similarly,  the  two  conditions  can  be  given  by  Q2  and  one  of  the  following:  Ei , 
El  +  Eo ,  E2 ,  Si  ,  Si  +  .So ,  .S2 ,  ffi  ,  (72 ,  wi ,  W2 ,  or  by  such  combinations  as 
El  and  Si ,  etc. 

Section  4-  Plasma  iron  comprises  two  spatially  indistinguishahlc  interchanging  iron 
pools. 

Until  now  it  was  assumed  that  the  two  iron  pools  Qi  and  (}■>  \\ere  spatially 
separated.  We  will  now  consider  the  case  w^here  both  pools  are  contained  in  the 
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plasma  h-on,  and  where,  therefore,  individual  sampling  of  either  of  the  two  pools 
is  no  longer  possible.  This  problem  can  be  easily  solved  if  the  relative  amounts 
of  the  tracer  introduced  initially  into  each  of  the  two  pools  is  known. 

I^t  fraction  71  of  the  initial  tracer  dose  qi,  go  into  the  first  pool  Qi  ,  and  fraction 
72  =  1  —  7i  .  into  Qo  at  the  time  t  =  0.  The  above  numbering  of  the  pools  is 
arbitrary.  Making  use  of  the  superposition  principle  and  summing  up  the  con- 
tributions of  initial  tracer  activities  to  ryi  and  q-^  respectively,  we  get: 

I  1  ,  =  7i[V~  +  (ki  -  k.,)\  -  272.4i2/.-2  ^-x,r 


2V~ 


,  7i[\/~  -  (A-i  -  A-,)|  +  272^-li,A-2  -x,« 
2V- 


2V~ 


I  72[\/    —  (A-2  —  A-i)]  -   27i.42iA-i  -u, 


where  \/  ,  Xi  and     are  defined  as  before  and 

,  '  V  +  7i(  A-i  -  2.42iA-i  -  A-2j  +  72^A-2  -  2.4i2A-2  -  A-.) 
(4;  a.  ^  

,      y/~  +  7i(A-2  +  2.42iA-i  -  A-i)  +  yoik,  +  2^,2A-2  -  A-2) 
(o)  a2  =   . 

In  general,  although  oi  +  02  =  1,  ai  can  assume  negative  values  for  certain 
admissible  values  of  the  pool  constants.  Since  in  practice  the  plasma  iron  disap- 
pearance curves  are  concave  with  no  inflection  points  when  plotted  on  semilog 
paper  (i.e.,  when  the  dependent  variable  is  the  logarithm  of  qr),  we  will  restrict 
all  subsequent  considerations  primarily  to  cases  for  which  both  d  and  ai  are  posi- 
tive. We  will  further  assume  that  0  <  1  —  ..4i2-42i  <  1,  since  1  —  .4i2.42i  =  0 
implies  a  closed  system  with  a  constant  value  of  Qt  =  qi  +  ■  Xote  that  1  — 
AitAii  =  1  indicates  either  unidirectional  flow  or  the  existence  of  two  independ- 
ent systems,  which  will  be  considered  in  the  next  .section.  The  values  of  Ai  ,  A^ 
and  -4 12^4 21  cannot  be  derived  from  con.stants  ,  ,  Xi  and  X2  of  the  approxi- 
mating etiuation  without  some  further  as.sumptions  alxjut  .4 12  and  A-n  ,  or  their 
equivalents.  Before  imposing  any  restrictions  upon  the  sy.stem,  it  will  be  con- 
venient to  introduce  a  few  relations  wliich  will  prove  useful  subserjuently : 

(6)  X,  +  X2  =  A-i  +  A-2    fjr    A,  =  X,      X.  -  A-. 


(7) 


X,  -  X2  =  V  ^  0 
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(As  previously  noted,  in  a  two-pool  system  Xi  =  X2  only  in  the  case  of  unidirec- 
tional flow  with  A'l  =  k'2.) 

(8)  X1X2  =  (1  -  Ai2A-n)kik-, 
or 

(1  -  AuAn)  = 

since  1  —  -4 12.421  9^  0. 

(9)  a[  -f  02  =  1 

(10)  a[-  a.  =  -  2.421  A-i  -  k-,)  +  72(A-2  -  2^12^-2  -  ki) 

V 

(11)  {a[  -  a'o)CKx  -  X2)  =  7i(A-i  -  2.42iA'i  -  ko)  +  72(A-2  -  2.4i2A-2  -  A;i). 

These  formulae  can  now  be  applied  to  models  of  Section  3.  Since  the  numbering 
of  the  two  pools  is  arbitrary,  it  suffices  to  consider  only  Groups  I  and  III. 

Group  I: 

In  this  group,  ci  =  1,  .4io  =  1  and  .42i  =  .4i2.42i  .  Equation  (11)  therefore 
becomes 

(11a)         (a'l  -  a',){\i  -  \.)  =  27iA-i(l  -  ^i2.42i)  -  (A'l  +  A-2). 
From  this  and  equations  ( 6  )  and  ( 8 )  it  follows  that 

(12a)     (ol  -  a2)(Xi  -  Xo)  +  Xi  +  X.  =  27iA-i(  1  -  .4i2.42i)  =  , 

A'2 

(13a)  A-  -  —7  271X1X0   7AA2 

■      (a'l  —  a2)(Xi  —  X2)  +  Xi  -f  X2      a'lXi  +  02X2 

A-o(aUi  +  00X2) 

=  • 

Since  by  definition 

0  <  (]  -  .4i2.42i)  =  ^<l 
A'iA'2 

and  Xi  >  X2 ,  and  since  A-i  +  A-2  =  Xi  +  X2 ,  the  following  inequalities  must  be 
satisfied  by  the  constants  of  the  models  belonging  to  Clroup  I : 

(14a)  X2  <  A  i  <  Xi    and    X.  <  A-2  <  Xi  , 

and  therefore 

7iXiX> 

X2  <    u     '         <  Xi. 
OiXi  +  02X2 

Hence,  since  all  constants  were  assumed  positive. 
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oiXiXo  +  a-Ao  .  ^  f/iXl  +  fl-.X,X.> 
  <  7i  <  


(loa)  a'l  +  0-2^  <  ji  <  a'z  +  a'l  ^ 

A1  A> 


and  since  bv  definition 


7i  <  1    and    02  +         >  1, 


it  follows  that 


(16a)  (i[  +  0-2  ^  <  Xi  <  1. 

Xi 

For  a  given  71,  provided  it  satisfies  the  inequality  (16a  ),  the  constants  ki , 
k-2  and  .4ij.4oi  =  .401  can  now  be  determined  from  ecjuations  (13a),  (6)  and  (8). 
These  constants  are  the  same  for  all  four  models  of  Group  I.  It  remains  to 
determine 

(  17a  I  Qi  =  Qi 


Q.  +  (h 

as  a  function  of  the  total  plasma  iron  Qt  =  Qi  +  Qi  and  the  pool  constants  ki  , 
ki  and  .4 12.421  .  The  constant  Q-2  is  then  simply  Q-2  =  Qt  —  Qi  ,  while  the  remaining 
clinical  constants  can  be  obtained  from  Table  IV. 

Case  1 :  7)  =  1. 

If  7i  =  1,  the  inequality  (16a)  is  always  satisfied  and  Qi  is  obtained  by  substi- 
tuting into  the  identity  (17aJ  the  Q2  value  of  the  corresponding  model  of  Table 
IV. 

.Model  la: 


Qi  +      ^4i2.42/^,y      1  +  'j-'^  AnA2i 


Model  II) 


Model  Ic: 


.Model  Id: 


1  +  11  -  Td  -  -I12-I2.)]  r 
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1  +  [^-112.1,1  +  Uil  -  Ar2An)] 

Case  2:  7i  =  0. 

The  inequality  (  Kia )  cannot  Ix"  satisfied  l\v  71  =  0  and  therefore  no  solutions 
exist  for  positive  (ti  .  However,  if  r/i  is  ne<);ati\-e  and  ine(iuality  ( l-^a)  is  satisfied, 
solutions  can  be  found  liy  methods  snnilar  to  those  of  Case  I  using  the  identity 
(17a). 

Case  3:  71 


Qi  +  (h  ■ 

This  is  eciuivalent  to  the  assumption  that  71:72  =  QilQz ,  which  leads  to  dif- 
ferent 7's  and  hence  different  sets  of  constants  for  each  model,  provided  the  in- 
equality (16a)  is  satisfied.  71  can  then  be  written  as 

koia'iXi  +  0-2X2)          Qi  If                    ,0  \ 

71  =   —            =  — — r-  (from  equation  13a). 

A1X2  Qi  -r  Q2 

Model  la : 

^      Qi      ^           1  _  A-oi  aUi  +  0.2X2)  . 

1  +/-A12A21 

this  reduces  to 

XiXo 


/,-.,  = 


Xi  +  X2  - 


QiXi  +  02X2 

If  the  inecjuality  ( 16a )  is  satisfied,  the  value  of  A-2  lies  between  Xi  and  X2  ;  ki  and 
^4i2-42i  follow  from  etiuations  (6)  and  (8),  and  Qi  can  then  be  determined  as 
above, 
^lodel  lb: 

1  A-2  kiiaiXi  +  a2X2) 


Hence 


1  +  Aj      Ai  +  X2  X1X2 
A', 


X1X2  =  (Xi  +  X2)  (oiXi  +  O2X2)  =  QiXI  +  X1X2  +  02X2  .' 


This  is  impossible  for  positive  values  of  a'l  and  cto  .  If  a'l  is  negative,  a  solution 
can  be  found  for  any  value  of  A'2  such  that  Xi  >  A-2  >  X2  and  for  which 

A-2 


satisfies  the  inequality  (15a). 
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Model  Ic: 

1  +  [1  _  r,i  _ 

and 


XiX.> 

Xi  +  x.  - 


OiXi  +  OoX-i 
Model  Id: 

1  A->fa[Xi  +  OoXo) 


7i  = 


fC2 


and 


j_  ^         '  1  -  riXiXi 


XiXo 

Xi  +  Xi 


OiXi  +  OoXo 
Group  in 

For  this  group  V  =  Ci  ,  and  therefore 

.1,1  =  1  -  Td  -  -4i2-4.n)  =  1  - 

^  .4  12-4  21  /'lA"2  —  X1X2 


1  -  ['(1  -  -4 12.4 21)      AiAo  -  rXiXi 
Substituting  these  values  for  -42i  and  .4i2  in  equation  ( 11)  and  simplifying,  gives 
(y:,]^)  «iXi  +  £12X2  ^  Uyi  _|_      (1  —  C')(  l  —  7i)A-2 


X1X2  A-2       A-2(Xi  +  X2  -  A-2)  -  rXiXo 

\Mien  U  =  1  this  reduces  to  equation  (13a)  and  only  models  la  and  lb  need  l)e 
considered. 

Case  1 :  7i  =  1 

When  7i  =  1  e(iuation  ( 12b )  Ijeconies 

OiXi  +  02X2 
with  the  corresponding  inefiuality 

ri6b)  a'l  +  02      <  f  <  1  <  a',  +  a[  ^ 

Xi  Xo 

for 
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a[  >  0;       Xi  9^  Xo  . 

When  U  satisfies  the  above  inequahty,  the  vakies  of  ki ,  />-2  and  ^1 12^21  can  be 
obtained  from  eciuations  (13b),  (O)  and  (8),  and  that  of  Qi  can  then  be  deter- 
mined individually  for  each  model  as  described  in  Case  1,  (  iroup  I. 

Case  2 :  7i  =  0 
When  7i  =  0 

(13c)  A:^  -  «;^l+^^M^Li^A.  +  rA,A2  =  0. 

fliXi  +  02X2 

The  corresponding  ine(iualities  limiting  the  possible  values  of  U  involve  a  func- 
tion of  .4i2.-l2i  and  U  (or  A-2  and  U) : 

,  X2  1  -  U  ,        ,  Xi 

(loc)  Xi  ^         _  jj  X2 

1   -  -4i2.421 

a(  -f  flo      <   \  ^   <  1    for    ax  >  0. 

(16c)  Xi  ^         _  jj 

1  —  .4 12.4  21 

It  may,  therefore,  be  simpler  to  state  that  solutions  can  be  found  for  any  value 
of  r  for  which  ki  satisfies  the  inequality 

(14a)  X2  <  ki  <  Xi 

Case  3:  71  =  ^^. 

Here  again  the  procedure  is  similar  to  that  for  Group  I.  For  instance,  consider 
:\Iodel  Ilia.  Then 


1  +  [1  -  L'd  -  .4 12.4 21)] 

A-2 


Using  equations  (6)  and  (8)  this  reduces  to 

A-2  kl 


71 


(A-i  +  A-2)  -  kiUa  -  .4 12.421)      A-2(Xi  +  X2)  -  U\i\2 

Substituting  this  value  of  71  into  ( 12b )  we  can  solve  for  A-2  in  terms  of  any  given 
Xi  ,  X2 ,  a[  and  a'2  .  If  A-2  satisfies  the  inequality  (14a),  A'l ,  .4i2.42i ,  and'Qi  can  then 
be  determined  as  before. 

Section  5.  Plasma  iron  consists  of  two  independent  spatially  indistinguishable  single- 
pool  systems. 

The  solution  for  Re  is  indeterminate  unless  amounts  of  stable  iron  in  the  two 
pools  can  be  determined  separately.  From  the  solution  for  Qt  =  Qi  +  q-i  it  is  pos- 
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sible  to  derive  only  the  indi\  i(lual  lelative  rates  hi  and  A-  ,  and  the  fractions  71 
and  7-j  of  the  tracer  ^0  initially  introduced  into  the  pools  (^i  and  Q>  respectively. 

If  it  is  assumed  that  71:70  =  Qi'.Qi ,  then  Qi  =  Qj^i  and  Q2  =  Qr72 ,  where  Qt 
stands  for  the  total  plasma  iron.  The  total  amount  of  iron  leaving  plasma  per 
unit  time  can  then  be  expressed  as 

Section  6.  Accumulation  pools. 

In  all  pre\"ic)us  discussions  a  positive  constant  A",  has  been  associated  with  each 
pool  Qi  of  a  <2;i\ cu  system.  This  condition  excluded  from  the  above  considerations 
what  may  be  called  "accumulation"  pools,  i.e.,  excretion  and  permanent  storage 
or  deposit  pools,  for  which  =  0.  The  reason  toi-  this  omission  was  twofold. 
Firstly,  such  pools  are  not  subject  to  the  e(inilil)rium  conditions  as  defined  above. 
Secondly,  the  inclusion  or  exclusion  of  sueli  pools  in  no  way  alters  the  number  or 
character  of  the  exponential  components  of  tlie  tracer  equations  for  the  remain- 
ing pools.  In  some  cases,  howexcr,  analysis  of  an  "accumulation"  pool  may  yield 
as  much,  or  even  more,  information  about  the  system  as  may  be  obtained  from 
sampling  one  of  its  pools  Q,  .  In  case  of  a  sin<ile-])ool  system,  the  solution  of  the 
problem  is  immediate.  The  total  cumulative  amount  of  tracer  excreted  up  to  a 
given  time  /,  cit),  is  given  l)y 

e(/)  =  qj:  [  c  "  (it  =  qo(l  -  e'"): 

the  remaining  activity,  minus  the  experimental  (cumulative  valu(>s,  can  then 
be  approximated  by  a  single  exponential  function  q  =  qoc''''.  If  the  total  amount 
E  of  the  substance  excreted  per  unit  time  is  known,  (J  follows  from  A'  =  A(^  and 
the  system  is  comph^tely  determined. 

In  the  case  of  a  two-pool  system,  thice  cases  of  "accumulation"  pools  can  be 
differentiated : 

1.  The  "accumulation"  pool  eventually  contains  all  tiaeer  which  leaves  the 
system  through  the  first  pool.  Then: 

eid)  =  A-i.tuir/o  ^  (r/,c       +  a-,e  dt 

Cid)  =  5'{l  —  aic'^''  —  a-i(r^-'] 

where  Xi ,  X2 ,  «i  and  a-,  are  defined  as  before,  and 

^/  _  A-i.loir/o(aiX2  +  Q'iXij  ^       -1  m'/u       _  ^^^1^ 
X1X2  1  —  -4 12^1 21  i^x 

'  -       QA2       ^  aiA'id  —  ^12^421) 

01X2  +  «2Xl  Xl 
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/  _         OoXi         _  OaA'id  —  .1 12.1 21) 
(tiXo  +  OoXi  X2 

Tlic  approximating  efiuatiou  yields  four  (instead  of  tlie  usual  three)  independent 
constants  \i  ,  X2  ,  ai  and  5'  with  the  following  relations  to  the  pool  constants: 

Xi  +  Xo  =  A-i  +  A-, 

Xi  -  X2  =  V(A-i  +  hy  -  4(1  -  AnA.n)kih  =  V~- 


In  addition 


and 


Therefore, 


and 


ai  +  a2  =  1 

2X1X2  -  A-2(Xi  +  X2) 

~      =        (Xi  -  X2)A-2  • 
A-2(Xi  -\.)  (a[  -  a',)  +  A-ofXi  +  Xo)  =  2X1X2 
2X1X2  X: 


(Xi  —  X2)(q:i  —  02)  +  Xi  +  X2      aiXi  +  02X2 

A'l  and  .4i2--l2i  can  now  be  calculated  as  before.  In  addition,  the  values  of  ^4oi , 
.421 ,  ^4o2  and  .4i2  follow  from  5'  and  (1  —  .4i2.42i).  For  models  of  Group  I,  5'  =  go  • 
If  E  is  known,  the  value  of  Qi  follows  from  Ei  =  AoJy'iQi  .  The  two-pool  system 
now  possesses  only  one  degree  of  freedom  which  can  be  expressed  as  the  mode  of 
entry. 

2.  The  "accumulation"  pool  eventually  contains  all  tracer  which  leaves  the 
system  through  the  second  pool : 

e^d)  =  Av4o2^^  £  ie-'^'  -  e-'^' )  dt  =  6"i  l  +  aU''^'  -  a^V^') 

where 

-4  21.4  02 


5" 


1    —  .4 12^421 


Xo 

Ai  —  X2 


and 
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Here  the  approxmiating  etiuation  yields  only  three  independent  constants  Xi  ,  X2 
and 

^21-4  02 


1  -  .412.4, 


and  therefore  the  system  possesses  two  degrees  of  freedom. 

3.  The  "accumulation"  pool  ultimately  contains  all  tracer  which  leaves  the 
two-pool  system : 


where 


eT{t)  =  er{t)  +  €2(0  =  go(l  -  ai  e      -       e  ^2') 

///  _  .4oiQiA'i  .42i.4o2  X2 

\x         (1  -  .4 ,2-4 21)  (Xi  -  X2) 

_  .4niQ2/."i  I         .42i.4o2  Xi 

X^      {1  -  .4 12-421)  (Xi  -  X2) 
"'  I  ^4oi        ,      -4 21.4 02 

ay     +  a;2     =  j  T 


1   —  .4i2.421         1    —  .4i2.421 

It  follows  that 

2.4oiA-i  -  (Xi  +  X2) 

=  ■ 

and  therefore, 

■   ,       (Xi  —  X2)(ar'  —  02" )  +  Xi  +  X2      ,    "'  ,  . 
.4oiA-i  =   2   =  Xiai    +  X2a2  . 

Here  again,  two  degrees  of  freedom  remain. 

This  concludes  the  discussion  of  the  general  concepts  and  methods  of  multiple- 
pool  anah'sis  with  special  reference  to  various  two-pool  models.  More  complex 
systems  are  presented  in  "^lultiple-Pool  Analysis  in  Tracer  Studies  of  ^Metabolic 
Kinetics"  Part  H :  "Three-Pool  [Models  and  Partial  Systems"'"". 

APPENDIX 

The  .solution  of  the  two  simultaneous  first  order  linear  homogeneous  differen- 
tial equations  with  constant  coefficients  ( corresponding  to  a  two-pool  .system 
(Fig.  3)) 

(1)  =  -A-,7,  -f  .4,2A-272 

(2)  =  -l.,A>7,  -  A-.72 

can  Ix'  obtained  hy  following  the  outline  in  any  ciemeutary  text  on  ordinary  dif- 
ferential efjuations.  DifTerentiating  the  .><ecoiid  e(iuation  with  respect  to  /  and 
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eliminating  tornis  containing     we  get  the  second  order  differential  e(iuation 

or  at 

The  corresponding  auxiliary  etjuation 

(4)  m-  +  (A-i  +  k.2)m  +  (1  -  AuA2i)kih  =  0 

has  the  two  roots 

-(A-i  +  A-.)  -  Viky  +  k^r-  -  4(1  -  AuA^Qk^h  _  . 
(.,)       n  -   2  

and 

-(A-i  +  A-.2)  +  V(A-i  +  k^r  -  4(1  -  AuA2M^2  . 

(6)  r-i  =   2   =  ~^2. 

Case  1.  When  ri  and  ro ,  i.e.,  —  Xi  and  —  X2  are  distinct  (V  ^  0  when  either 
)tj  ^  A",  or  .412-4-21  ?^  0  or  both  )  the  general  solution  for  ^2  becomes 

(7)  q,{t)  =  C\e'^'  +  W  =  Cie-'^'  +  Ce''^'', 

where  Ci  and  C-i  are  arbitrary  constants. 
From  equation  (2)  it  follows  that 

«'  =  -lis-- 

Hence  substituting  the  solution  for  52  iu  the  above,  we  get  the  general  solution 
for  qi  : 

(8)  5i(/)  =  -i-  [C'i(A-2  -  Xi)e"'"  +  C2(A-2  -  X.le"'-"]    for    .42iA-i  9^  0. 

.42iA"i 

The  initial  conditions  are  given  as  5i(0)  =  30  and  32(0;  =  0.  Hence  when  t  =  0 
equations  (7)  and  (8)  become 

0  =  Ci  +  C2 

1 


,  ,  [(A-2  -  \l)C,  +  (A-2  -  X2)C2] 
-42lA'l 


and  therefore, 


9o.42iA-i  AsiA'i 
Xi  - 
.4^1 

The  final  tracer  equations  can  then  be  written  as 
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(9) 


(  10) 


rji(t)  ^  V     +  (A-i  -  A.-.,)  -x„ 
9o  V 


(A-i  -  A-2) 


When  the  flow  is  unidirectional  (Fig.  ")),  i.e.,  when  .4i2  =  0  (and  therefore 
J  12.421  =  0),  the  roots  of  the  auxiliary  ecjuation  (  4  )  become 

(5a)  /-i  =  -/.'i  =  -Xi 

(6a)  /-i  =  -A-2  =  -X2 , 

and  the  corresponding  sohitions  reduce  to 


(9a) 
(10a) 


9' 
92(0 


A  2,  A 


A'l  —  A'2 


Fic.  5.  Schematic  representation  of  a  uiii- 
(lircctioiiallv  CDiiiiccted  two-pool  sy.stcm. 


Case  2.  When  in  addition  to  .4i2  =  0  (unidirectional  flowj^  A'l  =  A^  =  Ic,  the 
discriminant  of  the  auxiHary  eciuation  (4)  l)ecome8  zero  (V     =0)  and 


/"i  =  /'2  =       or    —  Xi 
In  this  case  the  general  solutions  become: 


(8b) 


A2ik 


(7b)  q-i(J)  =  B.e-"'  +  B.,te- 

Substituting  initial  conditions  we  get 
0  =  Bi 


and  therefore 


^2iA: ' 

/ii  =  0 

B2  =  90^  12/^ 
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Hcnice  the  solutions  become 
(9b) 


(10b)  ^=.uj.ir- 
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The  fundamental  concepts  and  definitions  were  presented  in  ■"Multiple-Pool 
Analysis  in  Tracer  Studies  of  Metabolic  Ivinetics:  I.  (Two-Pool  Models  i'"". 
More  complex  systems  are  considered  below. 

THREE-POOL  SYSTEMS 

The  analysis  of  a  reduced  three-pool  system  ( i.e.,  a  three-pool  system  where 
some  of  the  substance  moves  from  any  given  pool  to  another  either  dhecth-  or  by 
means  of  an  intermediary  pool )  may  proceed  according  to  the  general  plan  previ- 
ously outlined  '"'.  Let  Qi  ,  Qo  and  Q3  be  the  three  pools  of  a  reduced  system  and 
let  Qi  be  the  accessible  pool  (  Fig.  1). 
Then: 
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(lq2 
dt 


Dip) 


(p  +  Xi)  (p  +  Xs)  (p  +  Xs) 


p  +  A-j     -Avily-i  -Auk-3 
-A-2iki    p  +  k-2  —Aosh 
—  .43iA-i     —  .432A-2    p  +  A-3 
=  p'  +  p'(A-i  +  A-2  +  A-3)  +  p[A-iA-2(l  -  .4,2.42i)  +  A-2A-3(1  -  .423^32) 

+  A-iA-3(l   -  .4x3^31)]  +  A-iA-2A-3(l    -  .4,0.421  -  .423.I32  -  -4i3^31 
-  .4 12.4  23-4  31  —  .4 13.4  32-4  21)    =   p    +  Sip'  +  Sop  +  S3  • 

D'ip)  =  3p-'  +  2sip  +  .So 

=  ip  +  X2)  (p  +  X3)  +  (p  +  Xi)  ip  +  X3)  +  (p  +  Xi)  (p  +  X2). 

90       — -4]2A"2       —  .4i3A'; 


p  +  A-o  -.42.3A-3 

-^32A-2      P  +  A-3 


0      P  +  A-2      -.4  23 A-3 

0    —  .432A-2   p  +  A-3 

=   30[(P   +  A-2)   (p  +  A-3)    -  .423-432A-2A-3] 

=  go[p'  +  p(A-o  +  A-3)  +  A-oA-sd  -  A23A32)] 


The  general  solution  for  —  can  then  be  written  directly : 

9n 


E 

Xi  ■ 


X,(A-2  +  A-3)  +  A-o  A-3  (1 


-4  23.4  32  ) 


3X  ■  +  2siXi  +  S2 
Xi(A-2  +  A-3)  +  A-2A-3(1  -  .42.3-432) 


(Xi  -  XoXXi  -  X3) 
X2(A-2  +  k,)  +  A-2A-3(1 


.4  23.4  32  ) 


-X2( 


(X2  -  Xi)(X2  -  X3) 
X3(A-2  +  A'3)   +  A-2A-3(  1   —  .423-4.32)  -Xjt 


(X3 


Xl)(X3  -  X2) 


From  the  approximating  equation 

~  =  aie'^^'  +  bie~^'-'  +  Cie~ 


(here  Oi ,  bi  and  Ci  are  coefficients  of  the  normalized  equation  for  the  pool  Qi , 
where  +  6i  +  Ci  =  1 )  five  of  the  functions  of  the  pool  constants  can  be  de- 
termined as  follows:  The  coefficients  .Si ,  .S2 ,  and  .S3  of  Z)(p)  are  sjnnmetric  functions 
of  X's: 
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Si  =  \,  +      +  \,  =  A-i  +  h,  +  k, 

^■2  =  X,X.  +  X,X,  =  X3X,  =  /.-i/,-,!  !  -  .112.4,1)  +  /.■.A-3(l  - 

+  Ai/.;i(l    -  Ay,.U) 

Si  =  XiXoXs  =  kik-2l\,i(l  —  AiiAii  —  AnA-i-i  +  AnAji  —  ..4i2.423^43i  —  ^13.432^21) 
From 

Xl  -  Xi(A-2  +  A-3)   +  A-2A-3(  1   -  .423-432) 
Ol  =   5  

3Xi;  —  2siXi  +  §2 

and 

^  _  X-2  —  X2(A-2  +  A's)  +  A-2A-3(1  —  .423.432) 
3X2  —  2S1X2  +  S2 

in  conjunction  with  si  and  s-^ ,  two  additional  constants  are  obtained,  nameh' 
A"2  +  /.'3  and  A-jA;ii  1  —  J 23.1321  I  After  a  slight  simplification,  the  five  inde- 

pendent functions  of  the  pool  constants,  which  can  be  obtained  from  the  solution 

-  become: 

(1)  A-i 

(2)  A-2  +  A-3 

(3)  A-2A-3(1  -  ^2.3.432) 

(4)  A-2(l   -   .4 12.4  21)    +  /;3(1    -  .413^31.) 

(5)  A-2A-3(  ^12.421   +  .4 13.4  31   -f   .4,2.423.431  +  .4  13^  32.4  21) 

When  the  system  is  in  dynamic  etiuilibrium  and  the  quantity  Qi  of  the  accessil)lc 
pool  is  known,  there  remain  six  degrees  of  freedom  (see  Table  I,  Ref.  75).  The 
number  of  arbitrary  constants  (degrees  of  freedom)  may  be  reduced  by  two  if  the 
constants  of  the  partial  two-pool  system  can  be  determined  separately,  i.e.,  if 
X3  and  Ci  are  of  significantly  lower  order  of  magnitude  than  Xi  ,  X2  and  (h  ,  hi  le- 
spectively.  For  instance,  let  Qi  and  Q2  represent  the  initial  two-pool  system  where 
Qi  is  the  accessible  pool.  Then,  if  Ai  ,  A^  and  Ay^A^i  are  determined  separately  as 
described  in  the  preceding  paper'"",  the  available  constants  of  tlie  three-pool 
system  become: 

(1)  A-i 

(2)  A-2 

(3)  ^3 

(4)  ^12^21 

(5)  A23A32 

(6)  ^,3^31 

(7  )    .•112.423.431  +  .4  la.-!  32/1  21  . 


If,  in  addition,  Qi  is  known,  the  three-pool  system  ( which  is  in  dynamic  ('(luilil)- 
rium )  has  now  four  degrees  of  freedom,  three  of  which  may  l)e  expressed  in  ici 
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of  modes  of  exit  and  t'utiy,  while  the  fourth  eaii  he  given,  for  instance,  eith(>r  hy 
the  vahie  of  Qi  or  by  an  Aij  (provided  AijAji  9^  0  or  Aji  =  0).  Alteinately,  all 
four  conditions  can  be  expressed  in  terms  of  modes  of  exit  and  entry. 

In  general,  once  a  particular  model  of  a  three-pool  system  has  Ix'cn  decided 
upon,  all  the  remaining  pool  constants  can  be  calculated,  though  g(>neral  lormu- 
lations  are  no  longer  as  simple  as  in  the  case  of  two-pool  systems.  When  a  suffi- 
cient number  of  accrptaMc  cdiistiaints  are  imposed  upon  a  system,  the  .system 
becomes  determinate  ( i.e.,  it  has  zero  dcgices  of  freedom  )  and  all  of  its  constants 
can  be  calculated  from  the  approximating  eciuation.  We  will  first  consider  re- 
duced three-pool  "tracer  distribution"  sy.stems,  i.e.,  general  reduced  first  order 
systems,  without  regard  to  the  distribution  of  the  basic  non-tracer  sul)Stance 
within  the  pools  Qx  ,  Q>  and  ,  or  to  the  corresponding  e(iuililjrium  conditions. 
Such  a  general  system  is  completely  determined  hy  the  nine  non-negative  pool 

constants  A-,'s  and  Aj.'s  (i  ^  j;i  =  1,  2,  3;  7  =  0,  1,  2,  3  and       Aji  -  1) 

1=0 


S3  S|  S2 


Fig.  2.  Schematic  rci)ro.sc'nt:iti()ii  of  a  tliree-pool  system  connected  in  series,  with  the 
accessible  pool  in  the  center. 

(see  Table  II,  Kef.  75 ).  The  exact  values  of  these  constants  can  then  be  derived 
fi'om  a  given  approximating  ec [nation  and  from  an  appropriate  set  of  constraints 
(in  terms  of  /i\'s  and  .-1^,'s)  which,  together,  completely  characterize  a  particular 
model.  In  the  case  of  a  three-pool  model  in  dynamic  equilibrium  (which  is  char- 
acterized by  hfteen  constants  in.steadof  the  above  nine  )  three  further  constraints 
(in  addition  to  the  three  efjuilibrium  conditions)  must  be  imposed  upon  the  sys- 
tem. The  resulting  additional  calculations  will  be  discussed  at  the  end  of  this 
section. 

In  the  following  we  will,  at  first,  give  explicit  solutions  for  several  determinate 
three-pool  tracer  distribution  systems.  We  will  consider  only  cases  in  which  the 
"accessible"  pool  serves  both  as  a  receptacle  for  the  initial  tracer  dose,  as  well  as 
a  sampling  pool  whose  approximating  tracer  ecjuation  is  a  sum  of  three  exponen- 
tial functions.  In  cases  where  different  pools  are  used  for  the  introduction  of  the 
dose  and  for  sampling,  the  general  procedure  for  determination  of  pool  constants 
remains  the  same,  and  explicit  solutions  can  be  obtained  by  similar  methods. 

Consider  first  a  three-pool  system  connected  in  series  (chainwise). 

I.  A  three-pool  system  in  sei'ies  with  the  accessible  pool  Qi  in  the  center  ( Fig. 
2). 
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ip  +  Ai)  {p  +  X2)  (P  +  X3) 


Here  a,  ,  b,  and  c,  are  coefficieuts  of  the  uorniulized  approximating  equation  for 
the      pool,  i.e.,  a,  +  b,  +  c,  =  1  for  i  =  1,  2,  'S. 

p  +  f'l     --4,2/.-->  -Auh 

Dip)  =    -A-nk,    p  +  k,  0 

-J3./M        0        p  +  A-3 

=  ip  +  k,)  {p  +  k..)  {p  +  k,)  -  ip  +  k.,)Ar,A:d\k:i 

-  {p  +  /.■:i)-1i2.lL.iA-iA-,  =      +  (A-1  +  A-,  +  k,)p-  +  (A-iA-,  +  kj.;  +  A-jA-i 

-  .4,,.l.iA-iA-,  -  A,,A-M,)p  +  A-,A-,A-3(1  -  A,,An  -  A,M 

=  1)^  +  SiP'  +  Sop  +  .S:i  =  0, 

where  s,'s  are  tlie  .symmetric  functions  of  —  X,'s: 

51  =  Xi  +  Xi  +  X;,  =  A-,  +  A-,  +  A-;,  . 

52  =  XiXo  +  X,.X;,  +  X:;X,  =  A-,A'-.  +  A-,A:,  +  A-.A'i  -  Ai-^Ank.k.  -  A^^A.^kiks 

53  =  X1X2X3  =  A-tA-,A-,(l  -  -  AnA-,,). 

The  coefficients  Oi  ,  61  and  Ci  can  be  expressed  in  terms  of  Xj's  and  pool  constants 
as  follows: 


Hence, 


go     -ArJ<-i  —Ank; 
0     p  +  A-2  0 
0        0       p  +  k, 


quip  +  A-2j  (p  +  A;3) 

=  go[A-2A-3  +  (A:2  +  A-3)p  +  pX 


-Xi) 

_  A-2/C3  -  (/C2  +  A-,)X 

+  Xi 

qnD'( 

-Xi) 

(Xi  -  X.XXi  - 

X3)  ' 

N,(- 

-X2) 

A-2A-3  -  ( A-.,  +  A- 

)X2  +  X5 

qoD'i 

-X2) 

(Xi  —  Xaj  (X2 

-  X3) 

Ni(- 

-X3) 

A-2A-3  -  (A-2  +  A-3)X 

+  X3 

q,D'{-\-,)  (Xi  -  X3)(X2  -  X3)  ' 

where  ai  +  61  +  ci  =  1 . 

Clearing  fractions  for  Oi  and  l)\  gives: 

(1)  A-2A-3  -  (A-2  +  A-:,)X,  =  «i(Xi  -  X.)  (X,  -  X:J  -  X' 

(2)  fczA-s  -  (  A2  +  A-.,A2  =  -  6,(Xi  -  X,)  (X2  -  X:,)  -  X2 
Subtracting  (2)  from  (1 }  and  dividing  l)y  (X2  —  Xij: 
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A-2  +      =  -a,(Xi  -  X:()  -  hi{\-2  -  X-,)  +  Ai  +  X2 

=  OifX,.  +  X:,)  +  /;,(X,  +  X:,)  +  (X,  +  X.j  (1  -  o,  -  bx) 

or 

A-2  +  k-i  =  Oi(X,.  +  X:,)  +  />,(X,  +  X:;)  +  ri(Xi  +  X-,). 

Multiplying  ( 1)  and  (2)  l)y  X-..  and  Xi  rospictively,  one  gets: 

M3X2  -  (A-2  +  A-.lXiXo  =  fli(Xi  -  X2)  (Xi  -  X:,)X2  -  X?X2 
A-2A-:jXi  -  (A-2  +  A-:,)X,X2  =  -  />i(X,  -  Xo)  (X2  -  X;i)Xi  -  X1X2  . 

Substracting,  and  dividing  by  ( X2  —  Xi): 

A-o/,-:j  =    — fli(Xi  —  X:i)X2  —  Oi(\-2  —  X:i)Xi  +  X1X2 

=  01X2X3  +  MiAii  +(!-«  -  />jXiX2 

or 

A"2A'3  =  01X2X3  +  hikik?,  +  ^1X1X2 . 

Hence  A-i  =  Si  —  (A-2  +  A-j),  and  A-2  and  A-3  can  hQ  calculated  from  A-2  +  As  and 
A-2A'3 ,  though  which  is  larger  (i.e.,  A-o  or  A-j)  will  depend  on  other  data  than  those 

derived  from  the  approximating  equation.  The  values  for  —  (and  hence  by  sym- 
metry  for  —  )  can  be  ol)tained  as  above : 

p  +  A-i  r/o  -.4i3A-: 

iV2(p)  =     -.-l2iA-i  0  0    =  q^A^Mp  +  A-3) 

-J3iA-i  0  +  A-3 

and 


-42iA 


(Xi 


X2)(Xl  -  X3) 


A-3  ~  X2 


(Xi  -  X2)(X2   -  X3) 


(Xi  -  X3)(X 


J- 


Case  1:  Let  .4o3  =  0  (i.e.,  .4i3  =  1  and  hence  .Isi  =  .4i3.43i).  (Fig.  3).  From 
the  above,  A-j  ,  A-2  and  A-3  are  known  in  addition  to  oi  ,  hi  ,  and  Ci  ,  and  Xi  ,  Xo  and 
X3. 
Also 


S3  =  X1X2X3  =  A-1A-2A-3  —  .'4i2-42iA'iA-2A-3  —  .i43iA-iA:2A;3 


and 


-S2A-3  =  -A-iA-.A-3  +  .4i2^2iA-i/v2A-3  +  ^43iA-i/v3  -  kikl  -  kikl . 
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Adding  the  two  expressions  one  gets 


Similarly: 


Si  -  +  /.-^l  hi  +  l:.2  I   ^   -Si/,-:;      -  .S-;,  -  iji  ki  +  fCj  ) 


S3  =  A-iAy.-3  -  .4i,.4,i/.-iA-2/.-3  -  AnkikJc^ 
-/.■..«.,  =  -A'l/.-.A's  +  .-li2^2iA-iA-2  +  A3ikikik3  -  kU's  -  AiA-i 
S3  -  A-aSo  =  .4i2.42iA-iA2(A-2  —  A's)  —  A-2(A-i  +  ks) 


and  hence 


A.,  A 


S3  -  A-2S2  +  A-5(A-i  +  A-3) 


Fig.  3.  Schematic  representation  of  a  tiiree-pool  system  connected  in  series,  with  the 
accessible  pool  in  the  center,  and  A  03  =  0. 

As  previously  defined,  Ci  =  fractional  acti\  ity  eventually  excreted  through  Qj  : 
fi  =  J   Ai.4oi(flie      +  />ie~'''  +  Cie~*"')  dt 


and 
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Case  2.  Nothing  leaves  tlie  system  through  pool  .  Let  e-i  -  fraction  of 
tracer  leaving  through  pool  Qi  (  Fig.  4). 


Fig.  4.  Sclioinatic  roprcsiMitatioii  of  a  t liicc-pool  system  t'Diuiccted  in  series,  with  the 
accessible  pool  in  the  center,  and  .l„i  =  0. 


As  in  Case  1 . 

-4  12.1  21 

and 

'4  13-1  31 

The  tracer  activity  in  Q-i  is 


S3  -  A-2S2  +  A-.2(  A-i  +  A-3) 
A-iA-2(/>2  -  A-3) 

•S-2A-:i  —  g3  —  A-3(A-i  +  A-2) 

/viA-3(A-2  -  A-3) 


where 


I  P  +  A-,     ry„  -Ax-Jx-i 
N2(p)  =  I  -.42iA-i    0  0 
I  -.43iA-i   0    p  +  A-3 


go-42iA:i(7>  +  A-a). 


Hence 


21A-1  ^- 


Xi  -  A-3 


(Xi  -  X2)(Xi  -  X3) 
I  X2  —  A-3 


e   -  + 


A-3  -  X3 


and 


(Xi  -  X2)(X2  -  X3)  (Xi  -  X3)(X2  -  X3) 

e,  =  A-2.4o2  r     <n  =  -42i-4o2A-iA-2  [■  ~ 

Jo      (JU  I 


+ 


X2  -  A-; 


(Xi  -  X2)(Xi  -  X3)Xi 
A-3  -  X3 


(Xl  -  X2)(X2   -  X3)X2  (Xi  -  X3)(X2   -  X3)X 

,  ,  , r(A-3  -  Xi)(x2  -  X3 1x2X3  

*   21-   02    1.2  L^^x^X3(X,   -  X2)(Xl  -  X3)(X2   -  X3) 


■J 
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(Xo  -  A-3)(Xi  -  X3)XiX2  +  (A-3  -  XsXXl  -  X2)  X1X2] 
XiXiXaCX,  -  X2)(Xi  -  X3)(Xo  -  X3)  J 

^  ^  AnAM-.h  ^  .4ou4oo/,-i/.-2/>-3 
X1X2X3  .S3 

Since  .4 12  =  1  —  .4  02  we  get 

^  S3  —  A-2S2  +  A-2(A-i  +  kj)  J_  ^  Y   ^    -      ^  '^nA', 


Also 


Hence 


A-iA-2(A-2  -  A-3)         .4,2      '    -4 12      1  -  -4c 


^         A-,A-2A-3-4o2  -4«: 


,  .  =  or  .lu2A'  =  (  1  -  -4o2)r, 
i  —  --I02  -I02 


and 


therefore : 


X  +  Y' 

-4  02  A'iA'2(A'2  —  A'a)  A"iA;2A'3  A"iA'2A'3 

.  .4i2il21 
.412   =  — T— 
-421 

.4.1  =1-^21 

^13  =   1  

^31 

ylo2  =  1  "~  -  I12 

.4o3  =    1    -   Ai3  . 

Or  alteruatel}', 

il3u4o3A'lA-2/i3 

f  1  =  1  —  (?2  =   : 

«3 

_  (1  -  e2).s-3.     ,    _  ,       ,  . 

-*i03  —      ,    ■  , —          ,      -'lis  —    i   —  '103  , 

A       _     ^      _   __f2S3        .        ,       _    1  1 
^l02  —  -r~  —  ,  ,  I    .     ,     -'li2  —   1  —  -'l02- 

.421  A-iA:2A;s^2i 

II.  A  three-pool  system  in  series,  with  the  accessible  pool  Q2  at  one  end  (I'i^ 
5j. 
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(V  +  ^i)  (P  +  ^2)  iv  +  ^3)  =  0, 


p  +  A-1    -.4i2A-2  —Aizki 
D(p)  =     -A-nl;    p  +  A-.,  0 

-Anki        0        p  +  k, 
where,  as?  before, 

si  =  Xi  +  Xo  +  X,  =      +  A-.  +  A-3 

§2  =  X1X2  +  X2X3  +  XiiXi  =  kik-:  +  A-oA'.i  +  k-iki  —  ^i2^2i/»'i/>"2  —  AuA-nkik; 

S3  =   X1X2X3  =   A'iA-2A-3(l   —  .412^21  —  ^413^31). 

Also: 

P  +  ki    0  -i4i3A;3 

quip  +  h)  (p  +  ks)  -  qoAizA-iikiks 


N,ip)  = 


Aoiki    qo  0 
■.43iA-i    0    p  +  A-3 


=  gob'  +  (A-i  +  A:3)p  +  A-iA-3(  l  -  ^13^31)]. 
S3  S,  $2 


FiG.  5.  Schematic  representation  of  a  three-pool  system  connected  in  series,  with  the 
accessible  pool  at  one  end  of  the  series. 


Hence : 


02  ^  kikzd  -  AuA.i)  -  (A-i  +  A-3)Xi  +  XI  -x,t 
q,  (Xi  -  X2)(Xi  -  X3) 

_  A-iA-3(l  —  A13A31)  —  (ki  +  A-3)X2  +  X2  -\„t 

(Xi  -  X2)(X2  -  X3)  ^ 
,     A-iA-3(l   -  ^13i43l)    -    (fcl  +  A-3)X3  +  X3  -X3( 

(Xi  -  X3)  (X2  -  X3)  ^ 

and 

kMl  -  AiiAsi)  -  (ki  +  A-3)Xi  =  a2(Xi  -  X.)  (Xi  -  X3;  -  XI 
A-iA-3(l  -  .4i3.43i)  -  (A-i  +  A;3)X2  =  -b2(Xi  -  X2)  (X2  -  X3)  -  X2 
Subtracting  and  dividing  by  X2  —  Xi  we  then  get : 
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A-i  +  h  =  0,1X3  -  Xi  )  +  621X3  -  X,0  +  Xi  +  Xo 

=  o..(X2  +  X3)  +  621X1  +  X3)  +  11-02-62)  (Xi  +  X2) 

or 

A-i  +  A-3  =  02IX2  +  X3)  +  62IX1  +  X3)  +  (-21X1  +  X2)  =  A'l  . 
^lultiplying  the  above  equations  by  Xo  and  Xi  respectively: 

/>-lA-3X2  -    lA'i  +  A-3)X,X2  =  02(Xi  -  X2)  (Xi  -  X3)X2  -  X1X2  +  .4i3.43iA-iA-3X2 

/wA-jXi  -  iA-1  +  A-3)XiX2  -    -621X1  -  X2)  1X2  -  X3)Xi  —  X1X2  +  .4i3.43iA-iA-3Xi  . 
Subtracting  and  dividing  by  X2  —  Xi  : 

A-iA-3  =  02!  Xs  —  Xi")X2  +  621X3  -  X2)Xi  +  X1X2  +  .4i3.43iA-iA-3 

=  O2IX2X3  -  X1X2)  +  62IX1X3  -  X1X2)  +  X1X2  +  -4i3.43iA-iA-3 
=  02X2X3  +  62X1X3  +  XiXol  1  —  02  —  62)  +  .4i3.43iA-iA-3  . 
A-iA-3  =  02X2X3  +  62X1X3  +  ^2X1X2  +  .4i3.43iA-iA-3  =  A'2  +  .4 13.4  3]  Ai/.  3 

or 

^'^^^  ^  1  4  • 

i   —  .•113--131 

Since  here,  as  before, 

,    ,    _  S3  —  S2A-2  —  A-2(A-i  +  1-3 ) 
 A-iA-2(A-2  -  A-3)  

and 

,  ,  S2A-3  —  S3  —  A-sl  A-i  +  A-2) 
^^""^^  A-iA-3a-2  -  A-3)  

one  gets 

S2A-3  —  S3  —  A-3(A-i  +  A-2) 


A-iA-3  =  X2  + 


(A-2  -  A-3) 


Using  A-1  +  A-3  =  A'l  (i.e.,  A-i  =  A'l  -  A-3)  and  A-.  =  si  -  (A-i  +  A-3)  =  Si  -X, 
the  above  equation  can  be  solved  for  A^  : 

,    _     X2S1  —  X1A2  —  S3 


XlSl  +  Xi  —  Xl  —  S2 

Tlie  values  of  ki  and  A^  follow  from 

ki  =  Xl  —  A"3 

and 

A-2  =  si  -  (A-1  +  A-3)  =  si  -  X, . 
It  should  be  noted  that  in  this  case  Ai  and  A-3  are  unofiuivocally  determined  by 
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the  above  solution  for  As .  The  vahies  for  -  and  —  can  be  obtained  in  the  usual 
way: 


Niip) 


0     -Anh    -Ai,k,  I 

go  P  +  A--'  0  =  qoAi.Mp  +  A-s), 
0         0        p  +  A-3  j 


.-li2A-: 


A-3  -  Xi 


A-,  -  As 


(Ai  -  A2)(A2  -  A3) 

A-.  - 


+ 


I  P  +  A-i  -Ai2A-2  0 
1  -A-Jn         0  0 


(Al   -  A; 

5(1.4 12.4  siA'i  A-2 


^3)(A2   —  A3)  J 


=  -4i2-43iA 


)(Ai  -  A3)       (Al  -  A2)(A2  -  A3) 


(A 


1  -  A3)(A2  -  A3)  J 


Case  1.  Ao3  =  0;  e2  =  fraction  of  total  activity  excreted  through  the  accessible 
pool  Q2(Fig.  G). 
Then 

€-2  =  hAo2  f   ia^e"^''  +  boe~^''  +  C2e"^*'j  dt 
Jo 

and 


.4,2  =  1  -  .4o2 
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An 


Av2 


Ai3  =  1 ,    (by  hypothesis) 

A-ii  =   .1 13-431 

Jill  =  1    "  J21  —  A31. 
Case  2.  J 01  =  0;  62   given.  Then  as  before  (Fig.  7 ; : 


62  .Ej 


Fig.  7.  Schematic  representation  of  a  three-pool  system  connected  in  series,  with  the 
accessible  pool  at  one  end  of  the  series,  and  .4 01  =  0. 


Fig.  8.  Schematic  representation  of  a  three-pool  system  connected  in  series,  with  the 
accessible  pool  at  one  end  of  the  scries,  and  Ir,;  =  0. 


-4  02 


.4  13 


.1.2   =  1 

A 


A 12-4  21 
.4 12 


I31  =  1  -  An 

J  13.4  31 


Au 


Ao3  =    1    —  -4l3- 

Case  3.  J02  =  0;  ei  =  fraction  of  total  activity  excreted  through  Qi  (  Fig.  8) : 

J^tz^^A'S   —   ^2)  -X2( 


,  ,  r/  Ai2h(L-,  -  Xi)  Anh 
^  i«   \(Xi  -  X2)(Xi  -  X3)  '  0^ 


X,)(X2  -  X3) 
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+  7^  T-TTT  }-(lt   =   .4,11.4  i-.A'iA--. 


(Xl  -  X3)(X..  -  X;0 

A-3  -  X., 


A'3  -  Xl 


(Xl  -  X,)(Xi  -  X:,)X, 


A-3  -  X3 


(Xl  -  X.,)(X.,  -  X3)X2      (Xl  -  X3)(X,.  -  X: 
-4i2  =  1,    (by  hypothesis ) 


_1  _  .lui.4i,A-iA-oA-3 

:0X3j  S3 


eiS3 
A-iA-.-A-3 


An  =  Ay, An 


S3  -  l-'iS-2  +  A-2(A-i  +  A-3) 
A-,A-,(A-,  -  A-:,) 


-431  =  1  -  .4,1  -  .4  01 

,  .4  13.4  31 

-4 13  =  —  

.431 

.4o3    =    1    -   .4  13. 

III.  A  cyclic  three-pool  system  with  the  accessible  pool  Qi  and  .4i3  =  Az2  =  0 
(Fig.  9): 


Fig.  9.  Schematic  representa- 
tion of  a  cyclic  three-pool  system 
with  accessible  pool  Q,  ,  with  bi- 
lateral interchange  between  pools 
Qi  and  ,  and  with  unidirectional 
transfers  from  pool  C^i  to  pool  Q3  , 
and  from  pool  Qi  to  pool  (J^  . 


D(p)  = 


11  =  Qie-^i'  +  b,e- 


V  +  ^1    -A,J<2  0 
-.42iA-i    p  +  A-2  -AiJ^z 
-.43iA-i        0       p  +  A-3 


=  (p  +  A-i)  (p  +  A-o)  (p  +  A-3)  -  .43ix4i2.4  23A-iA-2A-3  -  .4i2.42iA;iA-2(p  +  ^-3) 
=  p'  +  p'(A-i  +  A-2  +  A-3)  +  p(A-iA-2  +  A-2A-3  +  A-sA-i  -  .4i2.42iA-i;c2) 
+  A-iA-2A-3(l  -  .4 12.423.431  -  .4 12.421)  =  0. 
si  =  Xl  -f  X2  +  X3  =  A-i  +  A-2  +  A-3 

S2  =  X1X2  +  X2X3  +  X3X1  =  A-iA-2  -f  A-jA-s  +  A-gA-i  —  .4 12.4 21  A-i A-2 
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^4 12-4  23-4  31   =    1    -   .  1  12.1  2! 


A-iA-2 

S3        A-3S2  —  S3  —  A'sfA-i  +  A-2) 


A'iA"2A"3  k\k-2k'i 


1 90    --4i2A-2  0 
Niip)  =    0     /)  +  A-2     -.4  23A-3    =  r/„(7>  +  A-2)  (p  +  /^3) 

n      0      7^  +  A-3 

=  9ob'  +  p(A-2  +  h)  +  A-2A-31 
This  gives  the  same  expressions  for  Oj  ,  ^1  and  Ci  as  in  I  (p.  240)  and  hence: 
A-2  +  A-3  =  ai(X2  +  X:,l  +  bi(\i  +  \,)  +  Ci(Xi  +  X2) 

A-2A-3   =   01X2X3  +  />,X,X3  +  f]XiX2 

A-.  =  ^1  -  (A-2  +  A-3 1. 

Here,  as  in  I,  A^  and  A-3  cannot  be  diffenMitiatcd  on  tlie  liasis  of  the  sokition  for 

—  alone.  The  sohitions  for  —  and  —  are  obtained  as  before: 
go  90  qn 

P  +  A-.    qn  0 

Xolp)    =       --42lA-i      0        -.423A-3      =   QoU2lA-l(>     +      A-3)      +     -4  23-43lA-iA-3] 

;  -,43iA-,    0    7>  4-  A-3 

qj  ^  .42iA-i(A-3  -  Xi)  +  .423.43iA-iA-3  ^x,,  _  ,42iA-i(A-3  -  \->)  +  A2M-Jc,  -x,, 
9o  (X,  -  X2)(Xi  -  X3)        ^  (Xi  -  X2)(X2  -  X3)  ^ 

,    ^42lA"i(A'3  —  X3)  -|-  ^423^-tiAlA"3  -Xjf 

(Xi  -  X3)(X2  -  X3)  ^ 

'  p  +  A'l    -.4i2A-2    qo  I 
Nzip)  =  j  -.42iA-,    /;  +  A-2    0  I  =  q,(p  +  kojAuki 
\  -A, A        0  0 

_     Azikiiki  —  Xi)      -x,(  _     .43iA-i(A-2  —  X2)  -Xjf 
?o  ~  (Xi  -  X2)(Xi  -  XsT  ^  (Xi  -  X2)(X2  -  X3)  ^ 

,      i43iA"i(A'2  —  X3)  -Xji 

(Xi  -  X3)(X2  -  X3)  ^ 

Consider  the  most  general  case  where  ci  and  (3  are  given,  such  that  ci  +  C3  <  1, 
then 

and  therefore 
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From  the  equation  for  —  it  follows  that 


0   (Ju  '        '   LOi  —  A2)  (Xi  —  Xs) 

A"2  —  X2  I  A'2  —  X3 

~    (Xi   -   X2)fX2   -   \,)  (Xl   -   X:,)(X2   -  X3)J 

^4o3^'l3lA"lA'2A'3  ^4(]:i--l3lA"lA'2A':)  ^4  03-431 


X1X2X3  S3  1   —  ^12^23^31  —  ^12^421 

4    4     -  ^^^^ 

A'lfi'2A"3 

Let 

X 

(1)  ^4i2-42i  =  -Y    or    .4i2  =^  , 

(2)  .4 12.4  23.4  31  =  Y, 
and 

(3)  .4o3.43i  =  Z. 
Also: 

(4)  .421  +  .431  +  .4oi  =1;  .431  =  1  -  ^21  -  Aoi 

(5)  .4o3  +  .4  23  =  1;       .4,3  =  1  -  .4o3 

(6)  .4,2  +  .4oo  =  1. 

Substituting  the  values  for  ( 1 ) ,  (4 )  and  ( 0 )  into  equation  (2) : 

(7)  ^  (1  -  -403) (  1  -  .421  -  .4oi)  =  F. 

.^21 

Substituting  the  value  of  .431  from  (4)  into  (3) : 

7 

.4o3(  l  -  .421  -  .4oi)  =  Z    or  .4c 


1  -  A, 

and  finally,  substituting  this  value  for  .4o3  into  (7) : 


-(1-- 
A21V  1 


(1  -  .421  -  .4oi)  =  ^  (1  -  .421  -  .4c 


A21  \  1  —  A21  —  .4oi/  .4 
or 
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1       _  /  ,  J  y\—  •^1-''^21*  1   ~  '"loi  —  .-103-431  ) 

AiW-s  +  Al(A-i  +  Ao)  -  S-.A-3  /,       ,  (-383  \ 


k\kiki  —  S3 


,        A      A  \iA  21 


A31 


--113  = 

-432   =  0 

( l)y  hypothesis ) 

-•103  = 

-4  03-4  31 

"I^T  ~ 

7.  _  ^383 
-431  kikik^iA^ii 

-■123  = 

1    -   -4  03 

.4  02  = 

1   -  -4i2. 

Similarly,  the  constants  A-,'s  and  -4;,'s  can  be  detci-mined  when  Q-2  or  in  Figure 
9  is  the  accessible  pool. 

Consider  now  a  three-pool  system  in  dynamic  ociuiiibriuiu  whose  constants 
A-,'s  and  -4j,'s  have  been  determined  for  the  corresponding  "tracer  distribution" 
system.  Such  a  steady-state  sy.stem  can  be  completely  characterized  by  imposing 
upon  it  three  additional  constraints,  at  least  one  of  which  is  expressed  in  terms 
of  the  amounts  of  basic  substance  either  present  in  a  given  pool  ( or  a  combination 
of  pools ),  or  leaving  or  entering  the  same.  .\s  an  example  we  will  consider  Case  1 
of  a  three-pool  system  in  series  with  the  accessible  pool  in  the  center  (Tig.  3). 

(a)  Let  the  three  constraints  be:  1 )  amount  Qi  of  the  basic  substance  in  pool 
Qi ,  2)  S2  =  0,  and  3)  .S3  =  0.  Then,  using  ecjuilibrium  conditions  we  get 

AoikiQi        ^  AxikiQi 
V2  T — ;      Q3  -r —  • 

J'^i  =  AJcrQ, 

E.  =   -4o2A-2C/2  =  .4o2-4oiAiQ, 

=  AiQid  -  -43.-4 12.42,)  =  A'l  +  E, . 

( b )  Let  Si ,  S2  and  S3  be  known,  then 

A-iQ,  =  .S,  +  A-3Q3  +  -4,2A-2C>2 
l:,Q,  =  S-.  +  AMh 
k-^Q,  =  S,  +  AJciQi 


and  hence 
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Aid  -  .l:u  -  Avi-UO 

Q  _  S3  +  A-iikiQi 

El  =  AuikiQi 
E-2  =  Aoik-zQi 

and 

Ei  +  E.=  Si  +  S.+  S,. 
Similarly,  pool  constants  can  be  determined  for  other  sets  of  constraints. 

ANALYSIS  OF  MULTIPLE-POOL  SYSTEMS  BY  MEANS  OF  PARTIAL  SYSTEMS:  AS 
ILLUSTRATED  BY  A  HYPOTHETICAL  M  METABOLIC  SCHEME 

As  was  shown*'"',  the  solutions  of  the  tracer  equations  for  a  given  «-pool  sys- 
tem (i.e.,  for  a  given  set  of  constants  k,'s  and  .4,/s)  can  be  found  by  means  of 
Laplace  Transforms''*  The  actual  approximation  of  the  experimental 

data  by  a  sum  of  more  than  two  or  three  exponential  functions,  and  subsequent 
evaluations  of  pool  constants,  may  become  unduly  complicated,  and  even  com- 
pletely unfeasible,  due  both  to  the  inadequacy  and  complexity  of  the  available 
data. 

Under  certain  circumstances,  however,  when  the  relative  rates  of  transfer,  as 
well  as  the  roots  of  the  characteristic  polynomial,  differ  from  each  other  suffi- 
ciently, such  a  system  may  be  analyzed  by  separating  it  first  into  partial  two-  or 
three-pool  systems.  This  procedure  should  not  be  confused  with  the  lumping  of 
several  parts  of  the  system  into  a  single  pool,  or  with  the  substitution  of  arbi- 
trarily simplified  solutions.  Simplifications  are  valid  only  if  they  are  based  on  an 
actual  knowledge  of  the  constants  involved,  or  if  they  can  approximate  the  exact 
solutions  to  a  pre-assigned  degree  of  accuracy. 

Analysis  by  partial  systems  can  be  used  only  if  such  systems  are  accessible,  and 
if  there  is  no  "significant"  return  to  these  systems  during  "sufficiently"  long 
periods  of  time.  The  interpretation  of  the  terms  "significant"  and  "sufficient,"  as 
well  as  the  accuracy  of  the  derived  constants,  such  as  the  relative  rates  of  trans- 
fer, will  depend  to  a  large  extent  upon  the  errors  inherent  in  the  data.  When  the 
constants  derived  from  the  partial  solutions  are  subsequently  substituted  into  the 
general  solutions,  the  resultmg  curves  should  approximate  the  experimental  data 
within  the  limits  determined  by  the  experimental  errors. 

Let  Figure  10  represent  the  model  reflecting  the  kinetics  of  such  a  hypothetical 
five-pool  system  of  .1/  metabolism  which  is  subject  to  the  following  conditions 
and  interpretations : 
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Qi  is  the  iininediate  misciblo  .1/  pool  in  plasma.  Part  of  the  .1/  leaving  Qi  is 
excreted  as  Ei  ,  the  remainder  transfers  into  Q-2  and  . 

Q-2  is  interstitial  .1/  pool  which  transfers  only  into  pool  Qi  so  that  --I12  =  1. 


Fig.  10.  Schematic  representation  of  a  hypothetical  five-pool  model  of  M  —  M«  metab- 
olism (lOa^  and  the  partial  sub-systems  into  which  it  may  be  separated  to  facilitate  mathe- 
matical analysis  HOb,  c,  d.  e). 

Qs  is  an  Ma  pool  repre.seiiting  the  product  of  anal)olisni  of  .1/  within  tlic  organ 
of  synthesis,  which  empties  into  Qi ,  the  .V„  pool  contained  in  plasma.  (^3  in  turn 
interchanges  with  ,  the  remaining  M„  pool  comprising  all  the  synthesized 
metabolite  outside  of      and  Q, ,  so  that  ^35  =  Ak  =  1-  The  M„  lea\  ing  Qa  is 
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partly  returned  to  (1^  ,  partly  (>xcr(>tcd  as  lu  and  partly  is  dcf^iaded  and  trans- 
ferred to  Q>  as  .1/. 

Si  stands  for  the  total  intak(>  of  .1/  wliich  is  exogenous  to  the  system  con- 
sidered. 

The  analysis  of  this  five-pool  M  —  M„  model  may  then  proce(>d  by  consider- 
ing first  the  two  partial  two-pool  syst(Mns  consisting  of  (^i(J-2  (  I'  ig-  101) )  and  Q/Ji 
(Fig.  10c)  respectively.  A  simultaneous  intioduction  of  .1/  and  of  .1/,,  as  two  dis- 
tinguishal)le  radio-.l/  isotopes  into  the  hlood,  i.e.,  into  pools  (Ji  and  (J-i  respectively, 
permits  the  investigation  of  the  two  systems  cdncurrent ly,  without  the  I'isk  of 
possible  changes  in  the  numerical  values  of  the  pool  constants,  which  might  take 
place  during  the  time  inter\-al  necessary  between  two  successive  administrations 
of  a  single  isotope. 

Data,  such  as  the  time  of  the  appearance  in  one  of  the  two-pool  partial  systems 
[QiQ-i  or  Q.iQi)  of  detectable  amounts  of  the  isotope  introduced  into  the  other 
system,  make  it  possible  to  determine  the  time  intervals  during  which  the  partial 
systems  represented  in  Figures  10b,  c,  d,  and  e,  can  lie  considered  as  independent 
of  the  rest  of  the  system. 

Once  all  experimental  tlata  have  become  available,  and  the  time  intervals  for 
the  validity  of  such  data  for  each  of  the  partial  systems  are  determined,  the  ac- 
tual mathematical  analysis  can  be  reduced  to  the  following  series  of  steps: 

Step  1.  Pool  constants  /,  i  ,  k-,  and  .412A21  =  .4 21  are  obtained  from  the  approxi- 
mating eciuation  for  radio-J/  in  Qi  of  the  partial  system  Q1Q2  (Fig.  10b  ). 

Step  2.  Pool  constant  A,n  (and  therefore  .451  =  1  —  ^42i  —  .4iji)  is  obtained 
from  the  total  excretion  from  of  radio-J/  during  the  permissible  initial  interval 
t: 


Step  3.  Pool  constants  k-i  ,  ki  and  .4:j4^443  =  ^4.34  are  obtained  from  the  approxi- 
mating equation  for  radio  M„  in  Q;i  of  the  partial  system  Q;iQi  (Fig.  10c). 

Step  4.  Pool  constant  1:^  can  be  obtained  from  the  approximating  etjuation  for 
radio-.l/  in  of  the  partial  (non-cyclic)  five-pool  system  QiQiQiQiQ^  (Fig-  lOd), 
ill  conjunction  with  the  previously  determined  constants.  It  should  be  noted  that 
in  practice  this  curve  will  consist  of  fewer  than  five  exponential  components,  if 
within  a  short  time  period  the  component  corresponding  to  c~^^'  of  QiQ>  will 
have  become  completely  negligible,  and  eventually  further  components  may  also 
vanish. 

Step  5.  Finally  the  pool  constant  .4  24  can  be  obtained  from  the  excretion  of 
catabolized  radio-J/„  which  now  behaves  as  M  and  leaves  the  partial  system 
QiQoQzQ^  (Fig.  lOe)  through  Qi  . 

Here  again  e~^^'  and  c~''''',  corresponding  to  the  first  exponential  components  of 
QiQi  and         respectively,  may  become  negligible  after  a  short  time  t. 

Step  (3.  When  the  pool  constants,  determined  by  the  above  procedures,  are 
substituted  into  the  approximating  equations  for  radio-il/  or  radio-il/a  correspond- 
ing to  the  complete  five-pool  model  of  Figure  10a,  they  should  give  a  fair  approxi- 
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mat  ion  to  the  experinuMital  valuc'8  oxtondod  over  the  period  exceeding  the  niaxi- 
nnnn  permissible  time  /  for  the  partial  systems.  (On  the  other  hand,  the  overall 
pictnre  may  liecome  complicated  by  the  phenomenon  of  reeycUng,  i.e.,  passing  of 
the  isotopes  throngh  the  organ  of  synthesis  and  snbseciuent  time  lag''''".) 

Step  7.  Pool  sizes:  Assume  for  instance  that  the  only  pool  available  for  quan- 
titative measurement  of  stable  isotope,  is  the  plasma  M„  pool  Qi  .  The  amount  of 
metabolite  in  the  remaining  pools  ( .1/  in  Qi  and  Q-2  and  .1/,,  in  Qi  and  Qi)  can  be 
determined  either  by  use  of  Table  l\,  ret.  7o,  or  by  setting  up  eciuilibrium  equa- 
tions. Thus,  from  Q.i  and  the  available  pool  constants  we  get: 


A"5  A's  A'6 

^'b        /I'.i  n  —  .434)  ,^ 

TT      "  [■  4  

Ailhi  /»!  .-151 

This  determines  the  system  completely.  Note  that  the  number  of  conditions  im- 
posed upon  the  system  of  Figure  10a  is  exactly  c(iual  to  the  number  of  the  de- 
grees of  freedom  for  a  five-pool  system  under  the  assumptions  of  Table  I,  ref. 
7o, thus: 

Xum- 
ber 
of 
Con- 
di- 
tions 


Conditions  imposed  upon  Qi  :  .l  uA  iQi  =  A:tik\Q\  =0  2 

Conditions  imposed  upon  Q>  :  .\i>k:(j2  =  Ai.kiQi  =  A^ik/Ji  =  S-2  =       =  0  5 

Conditions  imposed  upon  Q3  :  AnkzQi  =  AnkiQz  =  AhikjQi  =  S3  =  E3  =  0  5 

Conditions  imposed  upon  Q4  :  .4 14*4^4  =  A^kiQi  =  Si  =  0  3 

Conditions  imposed  upon  Qh  :  A,;,kiQ:,  =  .1 2:.A/,):,  =  -lisA;//,  =  So  =  E:,  =  0  5 

Total  number  of  imposed  conditions:  20 

Number  of  degrees  of  freedom  for  a  five-pool  system  (see  Tal)le  I,  I?pf.  75):  20 


Hence  any  additional  condition,  such  as  =  0,  for  example,  will  no  longer  be 
independent  of  the  eciuation  constants  and  the  preceding  conditions. 

(iENEKAL  CO.N'SIDEKA  TKINS 

In  this  paper  we  have  constructed  mathematical  models  for  the  first-order 
metalxjlic  processes,  as  well  as  for  more  general  processes,  governed  by  the  condi- 
tions of  dynamic  eciuilibrium.  These  models  are  subject  to  rigid  assumptions 
which  cannot  be  expected  to  hold  in  a  complex  living  organism.  The  (luestion 
therefore  arises:  Under  what  circumstances  are  these  models  applicable  to  living 
organisms,  or  more  pi-ecisely,  what  minimal  sets  of  mathematical  assumptions 


Q^  = 

Q5  = 

(^1  = 

Q,  = 
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can  replace  physiological  conditions?  To  some  degree  the  stringency  of  such  re- 
quirements is  limited  by  the  uncertainty  inherent  in  the  collection  of  experi- 
mental data.  Experimental  data  available  for  mathematical  analysis  are  subject 
to  errors  of  sampling  and  sample  preparation,  as  well  as  to  statistical  errors  of 
counting.  If  changes,  due  to  physiological  variations  in  rates  of  transfer,  pool 
sizes,  etc.,  are  random,  and  of  the  same  order  of  magnitude  as  the  experimental 
errors,  they  cannot  in  practice  be  distinguished  from  the  lattei-.  Uiuler  such 
conditions  the  rates  of  transfer  may  be  considered  constant.  It  is  this  type  of 
situation  that  may  be  encountered  in  the  analysis  of  plasma  Fe^^  disappearance 
data  in  the  presence  of  variable  iron  concentrations  in  human  plasma.  The  ques- 
tion of  whether  larger  random  variations  may  be  acceptable  will  depend  to  some 
extent  on  the  particular  problems  considered,  and  probably  cannot  be  answered 
categorically. 

As  was  mentioned  before,  the  assumption  of  instantaneous  mixing  may  be  re- 
placed by  a  less  exacting  reciuirement  that  the  tracer  leave  each  of  the  pools  Q, 
at  the  corresponding  relative  rate  .  This  means  that  A\  nmst  be  the  same  frac- 
tion both  of  the  total  substance  Qi ,  and  of  the  tracer  g,  leaving  the  i'^  pool  per 
unit  time.  Uniform  mixing  within  a  given  pool  is  important  only  if  the  pool  is 
used  for  sampling  of  the  tracer,  and  if  such  sampling  is  random  within  the  pool. 
The  plasma  u'on  pool  during  Fe°^  disappearance  determination  illustrates  the 
point.  But  even  here  the  instantaneous  mixing  of  the  initial  tracer  dose  Qq  is  not 
necessary  as  long  as  "uniform"  mixing  is  achieved  at  the  time  of  the  first  sampling, 
and  the  tracer  is  subject  to  the  "constant"  relative  rate  of  transfer  A\  .  The  word 
"constant"  is  to  be  understood  within  the  context  of  the  preceding  paragraph. 
If  sampling  is  not  random  the  condition  of  complete  mixing  is  no  longer  necessary. 
All  that  is  required  is  that  each  sample  be  a  fixed  fraction  of  the  total  tracer  pres- 
ent in  the  pool.  As  a  concrete  example  we  may  consider  the  blood  iodide  pool 
where  after  a  short  initial  period  the  iodide  is  distributed  in  a  fixed  ratio  between 
plasma  and  red  cell  mass.  AVhether  5,  and  qo  refer  to  total  pools  in  terms  of  micro- 
curies,  counts  per  second,  or  micrograms,  or  to  some  fixed  fractions  of  the  pools 

in  terms  of  similar  units,  the  final  equations  for  —  (i.e.,  for     normalized  with 

respect  to  qo)  will  be  the  same. 

In  approximating  empirical  data  by  a  sum  of  exponential  functions,  it  is  neces- 
sary to  decide  in  advance  upon  the  number  of  such  functions.  In  general,  this 
should  be  the  lowest  number  of  exponential  functions  yielding  solutions  within 
the  limits  of  accepted  experimental  errors.  If  the  exact  form  of  some  of  the  ap- 
proximating functions  has  been  predetermined  by  other  experiments  or  consider- 
ations, the  principle  of  the  minimum  number  should  be  applied  to  the  remaining 
functions.  The  resulting  sets  of  "best"  solutions  are  then  unique  in  the  sense  that 
they  differ  from  each  other  only  within  the  confines  of  the  above  errors.  Approxi- 
mations by  means  of  a  larger  number  of  functions,  i.e.,  by  more  complicated 
systems,  becomes  meaningless  insofar  as  such  approximations  are  no  longer 
unique  or  determinate,  and  as  mere  approximations  might  as  well  be  represented 
by  sets  of  entirely  different  functions.  The  danger  of  overcomplicating  the  ap- 
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proxiniating  curves  becomes  very  real  when  we  consider  the  complexity  of  the 
human  organism  and  then  attempt  to  represent  its  metabolic  processes  by  corre- 
spondingly complex  mathematical  systems.  If  one  is  not  very  careful,  such  at- 
tempts may  deteriorate  into  a  fruitless  pui-suit  of  mere  curve  fitting.  On  the 
other  hand,  such  considerations  do  not  justify  oversimplifications.  A  simple 
model,  even  it  if  forms  a  good  approximation  to  experimental  data,  does  not 
necessarily  reflect  any  part  of  the  mechanism  of  the  metabolic  processes  under 
study.  A  refinement  of  available  data  in  such  cases  may  sometimes  lead  to  differ- 
ent and  more  useful  models  and  predictions,  as  illustrated  by  the  transition 
from  a  one-pool  to  a  two-pool  to  a  three-pool  sy.stem  in  the  case  of  plasma  Fe^* 
disappearance  studies.'^' 

In  sunmiary,  a  useful  model  should  satisfy  the  following  minimum  require- 
ments: 1.  It  should  give  a  good  approximation  to  experimental  data.  2.  It  should 
conform  in  a  general  way  to  well  established  physiological  principles.  3.  It  should 
give  some  additional  information  about  the  system  under  consideration,  and 
should  eventually  be  capable  of  an  independent  verification,  pointing  the  way 
to  further  fruitful  experimentation.  It  should  be  emphasized  that  even  when  a 
model  fulfills  all  the  above  criteria,  it  remains  merely  a  useful  mathematical  tool, 
enabling  one  to  sunnnarize  in  simple  terms  complex  physiological  phenomena. 
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The  normal  metabolism  of  iron  is  essentially  endogenous.  Only  O.o  to  1..")  mg 
of  iron  is  absorbed  and  e.xcrcted  per  day  as  compared  to  8  to  5  grams  of  total 
body  iron  content  (1,2). 

Plasma  iron  because  of  its  ready  accessibility  and  its  transport  function  has 
assumed  a  central  role  in  studies  of  this  endogenous  metabolism  (:^,4, .">,(), 7,8). 
Plasma  iron  is  in  an  approximate  state  of  dynamic  equilibrium  (with  relatively 
large  amounts  of  iron  continuously  leaving  and  entering),  and  (juantitative 
chemical  studies  alone  cannot  yield  adeeiuate  information  about  iron  movement. 
Kinetic  studies  of  radioiron  in  plasma  have  yielded  considerable  information 
about  the  dynamics  of  iron  metabolism,  especially  in  its  relation  to  erythro- 
poiesis  (4,0,0,7,8).  The  red  cell  iron  mass  forms  the  largest  iron  compartment 
in  the  normal  individual  (1,2).  Though  it  is  as  easily  accessible  as  plasma,  it 
cannot  be  directly  labeled  with  radioiron.  Studies  of  tracer  behavior  in  mature 
red  cells  follow,  therefore,  the  introduction  of  tracer  iron  via  other  routes  (oral 
or  parenteral  means).  When  radioiron  is  injected  into  plasma,  the  rates  of  its 
removal  from  plasma  and  of  its  subsequent  incorporation  into  the  circulating 
erythrocytes  can  be  measured  (in  vitro  studies).  The  gross*  movement  and 
distribution  of  the  isotope  over  selected  body  sites  may  be  followed  by  scaiuiing 
technics  (in  vivo  studies)  (7,9,10,11).  From  such  data  models  of  iron  metabo- 
lism have  been  formulated  (4,7,8,12,13). 

This  paper  presents  ferrokinetic  data  analyzed  in  terms  of  various  models  of 
iron  metabolism.  The  general  assumptions  underlying  the  formulations  of  such 
models  are  presented  below.  Mor(>  detailed  discussions  of  fundamental  concepts 
as  well  as  mathematical  treatments  with  examples  are  given  in  other  papers  of 
this  series  (14,1."),1(),17). 
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*  By  "gross"  is  meant  activity  measured  by  the  jjrobe:  relatively  small  changes  may  not 
be  detectable. 
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MATERIALS  AXI)  :\IETHOI)S 

Subjects:  The  expei-iinental  sul)jects  were  iioi'mal  volunleei's  and  patients 
hospitalized  for  various  aihiieiits.  Heahhy  monj^rel  dogs  of  approxiinatel_v  30  kg 
weight  wore  used  in  tlie  animal  studies. 

Plasma  Fe''^  Disappearance  and  Red  Cell  Fc^^  Uptake:  These  pi'ocedures  have 
been  described  in  detail  previously  (4,11,1V)).  Ten  to  twenty  mici'ocuries  of 
Fe-'-'Cl;!  of  high  specific  activity  (10  to  40  microcuries  per  microgram)  were 
diluted  with  sodium  citrate  and  incubated  with  l!eta-l-gloV)ulin  (Cohn  Fraction 
I\'-7),  with  the  subject's  own  plasma,  or  with  autologous  ascitic  fluid.  The 
latent  iron  binding  capacity  was  five  or  more  times  that  necessary  to  bind  the 
total  iron  added.  An  ali(iuot  containing  o  to  '20  microcuries  of  Vc^^  was  injected 
intravenously  (and  in  one  patient,  intraperitoneally),  and  blood  samples  were 
obtained  at  suitable  intervals.  Radioactivity  was  determined  on  samples  of  whole 
blood  and  plasma  by  counting  in  a  well-type  scintillation  counter  with  a  thal- 
lium-activated Xal  crystal,  (>ither  for  2.'), (100  counts  or  for  a  minimum  of  100 
minutes.  Plasma  \  olum(>s  were  determined  from  th(>  plasma  Fe-^^  disappearance 
data  by  extrapolation  to  zero  time  and  estimation  of  the  tracer  dilution. 

Fe='  activity  in  red  cells  was  measured  during  the  subseciuent  two  to  three 
weeks  and  the  percent  incorporation  estimated  from  whole  blood  Fe''^  activity 
and  red  cell  mass  determined  by  C'r''^  (20). 

Body  Siii-farc  Cnuiting  Rates  {10,1  J ,16):  With  the  subject  supine,  scintillation 
crystal  counters,  suitably  shielded  and  coUimated,  were  directed  at  marrow 
(posterior  sacral  region),  liver  and  splenic  sites  (right  and  left  anterior  axillary 
lines  respecti\'ely,  at  tlie  le\'el  of  the  9th  and  10th  ribs  or  subeostally).  The  gross 
counting  rates  at  any  given  time  were  corrected  for  the  radioactivity  in  the  cir- 
culating blood:*  The  net  radioactivity  over  each  site  was  extrapolated  to  zero 
time,  <o  •  This  represented  the  initial  radioactivity  due  to  circulating  blood 
(plasma)  only.  Similarly,  radioactivity  per  2  ml  whole  blood  was  extrapolated  to 
zero  time.  Let  SCR(/)  =  the  surface  counting  rate;  WBCR(0  =  the  whole  blood 
counting  rate  (per  2  ml);  and  CSCR(0  =  the  corrected  surface  counting  rate  at 
time  t. 

Then  CSCR(n  =  SCR(n  -  WBCR(n  ^  • 

Determination  of  Lymph  Fe'^^  Activity: 

1.  I^ogs:  Fnder  light  nembutal  anesthesia  the  thoracic  duct  was  catheterized 
using  citlier  a  transcervical  or  transthoracic  approach  (21).  The  lymph  was  not 
recirculated,  and  intravenous  infusions  were  administered  for  hydration.  Fe^^ 
tracer  was  injected  intravenously  immediately  after  catheterization,'  and  lymph 
and  blood  were  serially  sampled.  The  lymph  flow  was  0.25  to  0.5  ml  per  minute; 
the  mid-point  of  each  collection  interval  was  used  as  the  sample  time. 

*  Both  corrected  and  uncorrected  data  are  used  in  in  vivo  studies  (6,7,9,10,11,18).  In  the 
present  studies  where  the  interest  centers  in  multiple-pool  analysis,  tlie  in  vivo  data  are 
decomposed  into  various  relevant  components.  This  can  be  accomplished  (jnly  after  a  pre- 
liminary correction  for  circulating  blood  Vjaclvground. 
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2.  Patients:  The  thoracic  duct,  catheterized  under  local  anesthesia  via  a 
transcervical  approach  (22,23),  produced  a  lymph  flow  rate  of  0.5  to  1  ml  per 
minute.  The  Fe^^  studies  were  performed  one  to  three  days  after  surgeiy. 

Both  in  dogs  and  in  patients  the  catheter  dead  space  was  negligible  in  relation 
to  the  rate  of  lymph  flow,  and  no  correction  for  this  was  deemed  necessary. 

Iron  Concent  rat  ion  and  Iron  Binding  Capacity:  The  concentration  of  iron  in 
the  plasma  and  lymph  was  determined  by  the  method  of  Ramsey  (24)  or  of 
Schade  (25)  and  the  iron  binding  capacitv  bv  that  of  Ventura  (2())  or  of  Schade 
(25). 

Electrophoresis  and  Radioactive  Strip  Scanning:  Paper  electrophoresis  was 
performed  on  samples  of  plasma,  lymph  and  transudates,  and  the  Fe'^  radio- 
activity was  localized  by  means  of  an  automatic  strip  scanner  with  a  thin  window 
methane  gas  flow  counter.*  Acrylamide  gel  electrophoresis  was  performed  ac- 
cording to  the  method  of  Ornstein  and  Davis  (27). 

Theoretical  and  Mathematical  Considerations:  {For  definitions  and  proofs  see 
references  (8,13,14,15,16,17)). 

The  experimental  radioiron  data  have  been  evaluated  in  terms  of  multiple- 
pool  models  of  the  initial  "precrythropoietic  phase"  of  iron  kinetics.  This  "pre- 
ePk'thropoietic  phase"  refers  to  interchange  of  the  metabolite  among  the  several 
compartments  through  which  intravenously  injected  radioiron  is  distributed 
prior  to  its  irreversible  fixation  in  the  maturing  erythron.  The  formtilation  of 
these  models  was  motivated  by  the  fact  that  the  majority  of  the  pertinent  data, 
such  as  plasma  radioiron  disappearance,  red  cell  radioiron  uptake,  and  regional 
localization  of  the  tracer  as  determined  by  body  surface  scanning  can  be  ap- 
proximated by  linear  combinations  of  a  few  (usually  three)  exponential  functions 
with  constant  coefficients  (8,14,16,18). 

q,  =  a,if~^i'  +  a,ie~^2'  +  a^e^^s'  +  •  •  •  +  a,„^~*'"'- 

(^^'hcn  there  is  no  ambiguity  a,i  can  be  replaced  by  ai ,  a,2  by  ao ,  etc.).  Such 
linear  combinations  of  exponential  functions  are  solutions  of  first  order  homoge- 
neous linear  differential  ecjuations  with  constant  coefficients, 

=  -h-.q,  +  Z  '^of-jU  for     =  1,  2,  •  •  ■  n 

dl  ;  =  1 

and  can  be  interpreted  as  describing  radioiron  (as  well  as  stable  isotope)  move- 
ment between  several  distinct  compartments  of  iron  metabolism.  (In  the  above, 
q.'s  and  t  are  the  dependent  and  independent  variables  respectively  while  A-,'s 
and  Ai/s  are  constants.  (See  captions  Figs.  1  and  2).  Such  mathematical  models 
cannot  refer  directly  to  biological  phenomena;  they  should,  however,  provide 
theoretical  counterparts  to  the  phenomena  which  they  are  supposed  to  explain. 
In  the  case  of  metabolic  studies,  we  assume  that  the  underlying  physiological 

*  These  procedures  were  kindly  performed  by  Dr.  Milton  Mendlowitz,  Dr.  Kohert  L. 
Wolf  and  Mrs.  .Julia  Hoboz. 
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processes  are  approximately  subject  to  the  following  set  of  definitions  and  as- 
sumptions: 

Distinct  compartments  or  pools  are  aggregates  of  the  basic  substance  which 
differ  from  each  other  spatially  or  in  the  physiological  properties  of  the  metabo- 
lite, in  this  particular  case,  iron.  The  total  rate  with  which  radioiron  (or  stable 
isotope)  leaves  an  individual  compartment  is  always  proportional  to  the  radioac- 
tivity, 5,  (or  the  amount  Q  of  the  stable  isotope)  in  that  compartment.  The  frac- 
tional amount  of  total  radioactivity  (or  stable  isotope)  leaving  a  given  pool, 
which  enters  another  specified  pool,  or  leaves  the  system  as  a  whole,  is  always 
constant.  This  implies  that  either  all  transfer  rates  are  equivalent  to  first  order 
reactions,  or  that  the  metabolic  system  is  in  dynamic  eciuilibrium,  i.e.,  equal 
amounts  of  the  stable  isotope  enter  and  leave  a  given  individual  compartment 
or  a  given  subset  of  pools  as  a  whole.  This  in  turn  implies  that  the  mixing  of 
radioisotope  with  the  stable  substance  is  almost  instantaneous,  both  during  the 
initial  injection  of  the  tracer  and  during  subsequent  continuous  interchanges 
or  transfers  of  the  metabolite  containing  varying  concentrations  of  the  radio- 
isotope. The  terms  "transfer  rates"  and  "interchanges"  refer  either  to  spatial 
transfers  and  interchanges,  or  to  physiological  changes  in  the  metabolite.  In 
general,  when  the  same  "accessible"  (8)  pool  is  used  for  an  instantaneous  intro- 
duction of  a  single  tracer  dose,  and  as  a  sampling  pool,  n  exponential  functions 
of  the  approximating  tracer  equation  indicate  the  existence  of  at  least  n  inter- 
changing pools  (8,14)  of  a  "reduced"  pool  system,  i.e.,  a  system  where  some  of 
the  metabolite  (and  therefore  isotope)  moves  from  each  pool  to  every  other  pool, 
possibly  via  some  intermediary  pools.  Such  a  reduced  three-pool  system  is 
depicted  in  Hgures  1  and  2. 

Solutions  of  the  "reduced"  n-pool  systems  describing  the  tracer  behavior  in 
various  compartments,  consist,  as  a  rule,  of  linear  combinations  of  n  exponential 
components.  The  set  of  the  n  exponents  (— X,<'s)  is  the  same  for  each  of  the  n 
compartments,  while  the  coefficients  {a,/s)  vary  both  with  the  particular  pool 
(Q,)  considered  and  with  the  "accessible"  compartment  used  for  the  introduction 
of  the  initial  tracer  dose  Qo,  .  When  the  pool  constants  (i.e.,  Av/s  and  .4,/s)  are 
known,  these  solutions  can  be  derived  from  the  given  differential  ecjuations  by 
means  of  Laplace  transforms  (14,28,29,30).  In  practice,  however,  the  situation 
is  reversed  and  the  pool  constants  must  be  determined  from  the  known  tracer 
behavior  in  one  or  in  several  compartments  of  the  system,  or  rather  from  the  best 
approximations  to  such  behavior.  In  this  context  a  "best  approximation"  to 
experimental  data  implies  an  approximation  within  the  limits  of  experimental 
errors  by  a  sum  of  a  minimum  number  of  exponential  functions  aije~^i''s.  Once 
the  pool  constants  are  known,  the  tracer  behavior  in  all  pools  can  be  determined 
(14,16,17,31). 

Plasma  is  at  present  the  only  well  delineated  accessible  iron  pool,  and,  as  such, 
it  forms  a  logical  starting  point  for  most  iron  kinetic  studies.  Its  ready  accessi- 
bility permits  an  "instantaneous"  introduction  of  an  initial  physiological  tracer 
dose,  as  well  as  adequate  subsequent  sampling,  without  interfering  with,  or 
causing  any  detectable  changes  in  the  steady  state  of  the  metabolite. 
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Tlio  tir^^t  attempts  at  mathematical  analysis  of  plasma  Fe'^-'  disappearance 
data  resulted  in  the  approximation  ot'  the  experimental  data  during  the  first 
two  hours  after  an  intravenous  injeetion  of  i  e  ''  by  a  single  exponential  function 


Fig.  1.  Fig.  2. 

Fk;.  1.  Schematic  rc])r('.*ciitati()ii  of  a  fjciKral  rcducod  three-pool  system, 
designates  both  the  /    |)niil  and  tlie  amount  of  metabolite  in  the  i"'  pool. 
q,  represents  the  am^uiii  n\'  radioisot ojx'  in  the  (  "'  jiool. 

ki  is  the  relative  rate:  i.e..  the  fraction  nf  tiie  total  metabolite  (or  of  the  radioisotope) 
in  the       p'".!  wliicli  lca\Ts  tlic  i"'  piKij  per  unit  time. 

Aji  is  till'  iiitcrrli.ni^c  constant  wiiicli  is  dcliucd  as  that  fraction  of  the  total  substance 
leaving:  the  /  '  puul,  whicli  lcav(>s  the  (  jjool  for  the./"'  pool.  In  particular  A„i  is  such  frac- 
tion leavint:  tlu-  system  as  a  whole. 

e.  rejircscnts  the  fraction  of  tlie  initial  radioactivity,  r/.,,  ,  which  eventually  leaves  the 
system  via  tlic  pool  (J,  . 

Fig.  2.  .schematic  represent  at  inn  nf  a  j;cneral  reduced  ihrec-pmil  s\slcm.  Here  tlic  ac- 
tual amoiuits  of  the  mclabniitc  t  r.-insf erred  from  one  pool  to  amit  Iht.  m  lca\  iiifi  I  lie  system 
as  a  whole,  are  indicated  by  annotated  arrows  (For  the  exact  meaning  of  the  notation  see 
legend  of  Fig.  1.).  For  instance  A-ik-iQi  is  the  annunit  of  metabolite  transferred  from  the 
pool  Qi  to  pool  Qt  per  unit  time.  Si  and  A',  are  tin-  amounts  of  the  metabolite  which  enter 
and  leave  the  system  as  a  whole  per  unit  time  tliroii<ili  the  /  '  pool  Q,  . 


Fk;.  ^.  Subject  S.H.  (Cerebral  Thrombo- 
sis): .\i)|)ro.\iniation  of  i)lasma  Fe''  disappear- 
ance data  during  the  first  two  hom-s  of  the  ex- 
j)eriment  b>-  a  singl(>  e.\i)onent iai  f miction. 
•  •  •  IvxjM'ri mental  data  during  t  he  hrst  t  wo  hours 
of  t  he  experiment  appro-ximated  by  the  ec) nation 

,j  =  ac  ^'  =  48(X)e-"  "°"-^' 

where  t  is  time  in  minutes.  OOO  Ivxperimental 
data  after  the  first  two  hours  of  the  experi- 
ment. (For  exact  values  of  plasma  Fe"  disap- 
jjearance  data  see  Table  I.) 


(V\ir.  :>,  and  Table  I): 

This  single  pool  model  of  Huff  (I'ig.  4  and  Table  I)  (4)  is  the  only  model  wliose 
tracer  distribution  system  (consisting  of  pool  constants  which  are  independent 
of  the  amounts  of  the  metabolite,  such  as  relative  rates  I:,  and  interchange  and 
exit  constants  .1 and  .1  „;)  is  always  completely  del ei  miiied  by  I  he  appioximat  ing 
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equation.  If,  in  addition,  (^i  ,  the  amount  of  the  me1al)olite  in  plasma  is  also 
known,  the  steady  state  system  is  detc^rmined  as  well  (*S'  =  E  =  kQ  =  Iron 
Turnover). 

TABLE  I 


Subject  S.H.  {Cerebral  thrombosis).  Approximation  of  experimental  plasma  Fe^^  disappear- 
ance data  by  one  (/),  two  {II)  and  three  (111)  exponential  functions,  respectively 


Time  after  Fe*' 
injection  (min) 

Activity  in 
plasma  in 
cpm/2  ml 
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62.2 
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38.9 

.3 
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38.7 
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24.1 
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Fig.  4.  Schematic  representation  of  a  sin- 
gle-pool system  consisting  of  the  plasma  iron 
pool.  Here  Q  and  q  denote  the  amounts  of  stalile 
and  radioactive  iron  respectively.  E  =  S  =  Qk 
is  the  amount  of  iron  leaving  plasma  per  unit 
time. 

E 

When  the  period  of  experimentation  is  extended  to  about  six  hours,  two  ex- 
ponential functions, 

qi  =  a\e~'^i'  +  a^C^', 

become  necessary  to  aehie\-e  an  adetjuate  approximation  to  plasma  radioiron 
data  (Fig.  5  and  Table  I)  (12),  indicating  the  existence  of  at  least  two  initial 
mutually  interchanging  pools  (Fig.  6).  This  system  is  indeterminate  and  has  two 
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degrees  of  freedom  (14),  when  only  the  c'onj^taiits  of  the  approximating  equation 
to  plasma  Fe^^  disappearanee  data,  land  the  vahie  Qi  in  the  case  of  the  steady 
state  system)  are  known.  (This  model-indeterminancy  is  indicated  by  broken 
arrows  in  Fig.  G.)  In  order  to  obtain  complete  mathematical  solutions,  two 


Fio.  0.  Subject  S.H.  (Cerebral  Thrombosis):  .\pproximation  of  plasma  Fe'^  disappear- 
ance data  during  the  first  six  hours  of  the  experiment  by  a  sum  of  two  exponential  functions. 
•••  Experimental  data  during  the  first  six  hours  of  the  e.xperiment,  approximated  bv  the 
equation 


4050e-<"'»"«'  +  TOOe-""""*' 


O  Experimental  value  at  twelve  hours. 

 Exponential  function  a le"*"  =  40506"" 

 Exponential  function  a^e"^'  =  700e~° 

(For  exact  values  of  plasma  Fe^'  disappearance  data  see  Table  I.) 


Fi<;.  fi.  Schematic  representation  of  a  two- 
pool  .system  consisting  of  a  plasma  iron  pool 
and  a  second  pool  (extravascular  labile  iron 
pool  > . 


constraints  must  be  imposed  upon  the  system,  which  can  be  achieved  in  terms 
of  as.sumptions  about  the  modes  of  exit  and  entry  of  the  metabolite  (8,12,14). 

Currently,  it  has  been  demonstrated  (7,8,17,32,33)  that  experimental  plasma 
Fe^'  di.sappearance  data  during  the  first  48  hours  (and  sometimes  for  as  long 
as  ten  to  twenty  days)  can  best  be  approximated  by  a  sum  of  three  exponential 
functions  (Fig.  7  and  Table  I): 


7i  =  aie  ^i'  +  a^e  ^i'  +  a^e  ^3' 
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Fig.  7.  Subject  S.H.  (Cerebral  Thrombosis):  Approximation  of  plasma  Fe''  disappear- 
ance data  during  the  first  two  days  of  the  experiment  by  a  sum  of  three  exponential  func- 
tions. •  •  •  Experimental  data  during  the  first  ten  day.s  of  the  experiment,  approximated  by 
the  equation: 


9i 


=  4200e- 


where  t  is  time  in  minutes. 

 Exponential  function  aie^^''  =  4200c  " 

 Exponential  function  a^er^-'  =  4()0e"'' 

 Exponential  function  axer^''  =  lOOe"" 

(For  exact  values  of  plasma  Fe^'  disappearance  data,  see  Table  I.) 


Fig.  8.  Schematic  representa- 
tion of  the  general  "reduced" 
three-pool  system  of  the  "pre- 
erythropoietic  phase"  of  iron  me- 
tabolism,consisting  of  plasma,  and 
two  other  pools  to  be  identified  as 
extravascular  labile,  and  marrow 
iron  transit  pools.  The  fact  that 
the  exact  interconnections  of  the 
three  pools  and  the  modes  of  exit 
and  entry  of  the  metabolite  are 
not  known,  is  indicated  by  the 
broken  arrows.  In  this  figure  the 
reduced  three-pool  system  is  con- 
nected unidirectionally  with  the 
erythron  maturation  pool.  For  the 
exact  notation  and  interpretation, 
see  text  and  Figs.  1  and  2. 


This  implies  the  existence  of  at  least  three  distinct  mutually  interchanging 
compartments  (14)  of  the  initial  "preerythropoietic  phase"  of  iron  metabolism 
(Fig.  8)  (see  below).  Here  again  the  e.xact  interconnections  of  the  component 
pools  of  the  reduced  three-pool  system  cainiot  V^e  derived  from  the  plasma  Fe^' 
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disappearance  data,  and  the  amount  of  stable  iron  in  plasma,  alone.  This  system 
has  sL\  degrees  of  freedom  ( 14)  and  recjuires  six  constraints  for  a  unique  solution. 
The  six  constraints  can  be  imposed  in  terms  of  two  interchange  constants  and 
four  constants  of  the  modes  of  exit  and  entry. 

From  a  purely  mathematical  point  of  view,  the  constant  parts  of  the  three 
exponents  of  the  approximating  ecjuation  (— Xi ,  —Xo  and  — X:<)  represent  simply 
the  three  real  roots  of  a  third  degree  equation  whose  coefficients  are  formed 
by  combinations  of  pool  constants  (A.'s  and  /1,/s).  Linear  combinations  of  the 
corresponding  exponential  functions,  a,je~^i''s  (where  a./s  are  in  turn  expressions 
in  terms  of  the  same  pool  constants),  describe  the  tracer  behavior  in  each  of  the 

T.\BLK  II 


Subject  J.O.  (Xormal).  In  vivo  radioaclivily  data  over  various  body  sites  during  the  first  six 
hours  of  the  experiment 


Time  after  inj. 
{min) 

Bone  Marrow  Area 

Spleen  Area 

Liver  Area 

Gross  counts 
per  unit  time 

Counts  cor- 
rected for  blood 
background 

Gross  counts 
per  unit  time 

Counts  cor- 
rected for  blood 
background 

Gross  counts 
per  unit  time 

Counts  cor- 
rected for  blood 
background 

5 

19.3 

1.6 

61.5 

1.9 

75.5 

2.7 

10 

19.9 

2.5 

59.4 

1.1 

74.6 

3.4 

18 

21.5 

5.5 

58.2 

4.3 

73.4 

7.7 

30 

22.3 

7.4 

56.7 

6.8 

73.5 

12.5 

45 

24.3 

11.3 

55.4 

11.6 

73.5 

20.0 

60 

25.7 

13. 5 

54.9 

14.0 

73.2 

23.3 

90 

29.0 

18.9 

53.7 

19.6 

74.2 

.32.  (i 

120 

31.0 

22.6 

53.4 

23.2 

71.7 

.36.2 

150 

32.5 

25.4 

51.6 

27.9 

72.2 

43.3 

240 

34.8 

30.9 

51.1 

37.9 

72.0 

55.9 

355 

38.9 

36.1 

49.6 

40.3 

72.6 

61.3 

three  respective  pools.  (None  of  these  exponential  functions  is,  by  itself,  charac- 
teristic of  any  one  of  the  several  component  pools  of  the  system.) 

RESULTS 

I.  Body  Surface  Counting:  In  attempting  to  identify  the  "second  pool"  most 
rapidly  interchanging  iron  with  plasma  (the  first  pool)  during  the  initial  four  to 
eight  hours,  it  seemed  reasonable  to  assume  an  "extravascular  labile  pool"  in  the 
interstitial  fluid.  It  was  postulated  that  the  existence  of  such  a  "second  pool" 
may  be  reflected  in  body  surface  counting.  Typical  body  surface  counting  rate 
data,*  over  liver,  spleen  and  bone  marrow,  in  two  subjects,  one  normal  and  one 
with  anerythropoietic  anemia,  are  represented  in  Tigs.  9  and  10,  and  Tal)les  II 
and  III.  Similar  in  vivo  results  were  obtained  over  multiple  sites  (including 
marrow,  liver,  spleen  and  soft  ti.s.sue  such  as  mid-thigh  and  calf)  in  more  than  ()') 
other  patients. 

•  The  body  surface  radioactivity  consists  of  radiation  from  all  tissues  "seen"  directly 
by  the  probe  as  well  as  scattered  radiation  from  surrounding  sites  (16;. 
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C'ori'cctccl  ("xpcrimcnlal  Ixxly  surface  acli\  ity  data  tor  the  first  six  hours 
of  the  study  could  he  decomposed  into  1)  a  eonipoueiit  repicseiit iufz;  F(>'^''  in 
combined  erythropoiesis  and  stora<2;e,  and  2)  a  component  I'cpresent iuji  I'e"'''  in 
another  pool,  rapidly  intercluuifiinji;  with  plasma.  Such  decompositions  were 

TABLE  III 


Subject  M.M.  (Aneiythropoieiic  Anemia).  In  vivo  radioactivily  data  over  various  body  sites 
during  the  first  five  hours  of  the  cxpcriiiient 


Bone  Marrow  Area 

Spleen  Area 

Liver  Area 

Time  after  inj. 
(min) 

Gross  counts 
per  unit  time 

Counts  cor- 
rected for  blood 
background 

Gross  counts 
per  unit  time 

Counts  cor- 
rected for  blood 
background 

Gross  counts 
per  unit  time 

Counts  cor- 
rected for  blood 
background 

7.5 

26.3 

1.0 

74.0 

2.1 

85.6 

2.3 

15 

26.5 

1.6 

74.8 

4.2 

85.3 

3.5 

30 

20.9 

3.3 

73.2 

6.4 

90.1 

12.7 

46 

26.7 

3.9 

74.2 

9.4 

92.4 

17.2 

63 

28.2 

6.0 

75.2 

12.3 

100.8 

28.0 

90 

28.5 

7.6 

75.0 

15.6 

104.5 

35.7 

120 

29.4 

10.3 

79.4 

25.3 

108.7 

46.0 

153 

30.8 

13.0 

72.2 

21.7 

106.3 

47.8 

214 

30.3 

14.9 

71.9 

28.1 

109.5 

58.8 

300 

32.2 

20.1 

71.7 

37.4 

123.3 

83.6 

Fig.  9.  Subject  J.O.  (Xoi 
In  vivo  radioactivity  ovi-i-  v: 
body  sites  during:  t  lie  fir.st  six 
of  the  experiment.  o-O  O 
Fe^'  activity  over  Ixme  ni 
area.  Fe^'  activity-  over 
marrow  area,  corrected  fur 
backgroiuul.  a-A-a  liross  F< 
tivity  over  spleen  area.  A-A  i 
activity  over  spleen  area, 
rected  for  blood  hackgr 
(iross  Fe^9  activity 
liver  area.  Fe=^  ac 

over  liver  area,  corrected  for 
background. 


inal ) : 
iridus 
hnurs 

arrow 
■  hone 
blood 
ac- 
^  Fe^' 


tivit  V 
bh.o'd 


]-LlVER 


0     30    60  90  120  150  180  210  240  300  330  360 
MINUTES 

performed  on  data  obtained  over  various  body  sites  in  thirty  subjects,  some 
normal  and  some  with  hematologic  disorders  (16).  In  Fig.  11,  which  is  typical 
of  such  analysis,  the  data  over  the  splenic  region  are  decomposed  tor  the  mode 
of  exit  of  iron  through  either  the  first  (plasma)  or  the  second  (extravascular  labile) 
pool  respectively  (model  groups  I  and  II)  (14). 

It  has  been  shown  (1(5)  that  any  set  of  data  which  can  be  decomposed  into  the 


272 


WASSERMAX  ET  AL. 


200t 


Via.  10.  Subject  M.M.  (An- 
ervthropoietic  anemia):  In  vivo 
radioactivity  over  various  body 
sites  during  the  first  five  hours  of 
tfie  experiment.  o-O-O  Gross  Fe^' 
activity  over  bone  marrow  area. 
— —  Fe^'  activity  over  bone  mar- 
row area,  corrected  for  bh)od  back- 
ground. A-A-A  dross  Fe^'  activity 
over  spleen  area.  Fe*'  ac- 

tivity over  spleen  area,  corrected 
for  blood  background. 
tiross  Fe°'  activit\-  over  liver  area. 
■"■HlFe^'activit  \ over  liver  area, 
corrected  for  blood  background. 


0    30   60   90   120  150  180  210  240  270  300  330 
MINUTES 


I  1  Etpenmenlol  points 

o  o  Theoretical  points 


In  VIVO  counts 


11 


I 

I 


100  200  300 

Time  in  Minutes 

Fja.  11.  Analysis  of  typical  in  vivo  F'e"  activity  over  splenic  area  based  on  the  assump- 
tion of  two  different  groiips  of  models  (group  F  and  group  II  respectively).  The  curve  of  net 
body  surface  radioactivity  (corrected  for  the  blood  background)  over  the  splenic  area  has 
been  decomposed  into  the  activity  derived  from  the  extravascular  labile  pool,  and  that  from 
the  combined  erythropoietic  and  storage  sites,  during  the  first  six  hours  of  the  experiment. 
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above  two  compoiKMits  for  a  >i;iv('n  two-pool  model,  can  1)(>  dccoinposcd  similarly 
into  tlio  forrespondiiiji  componciits  for  any  other  Iwo-pool  system.  The  differ- 
ences between  empirical  and  iheoi'etical  values  w(>re  in  all  cases  within  the  limits 
of  experimental  errors. 

It  should  be  noted  that  the  theoretical  tracer  behavior  values  in  the  second 
pool  as  calculated  on  the  basis  of  an  initial  three-pool  system,  do  not  differ 
significantly  from  appioxiinal ions  based  upon  an  initial  two-pool  system,  dvning 
the  first  four  to  six  liouis  of  observation  (i.e.,  as  long  as  the  two  approximations 
to  the  experimental  plasma  data  are  e(jually  satisfactory). 

As  has  been  shown,  in  vivo  curves  over  all  observed  sites  can  be  decomposed 
into  two  components,  one  of  which  follows  the  predicted  (i.e.,  calculated  from 
plasma  Fe'*  disappearance  data  on  the  basis  of  a  two-pool  system)  tracer  l)e- 
havior  in  the  secontl  iron  pool.  This  gives  strong,  although  indirect,  support  to 
the  hypothesis  that  the  second  iron  pool  rapidly  interchanging  with  plasma 
during  the  first  few  hours  of  the  experiment  is  iron  in  the  interstitial  fluid,  the 
"extravascular  labile  pool." 

The  initial  phase  of  in  vi\-o  l-'e'^^  behavior  has  been  described  above.  Results 
of  ferrokiuetic  studies  on  a  patient,  F.A.,  including  the  later  phase  of  in  vivo 
Pp59  behavior  (days  1  through  1"))  are  shown  in  Fig.  12.  The  plasma  iron  disap- 
pearance data  for  11  days  are  approximated  by  a  sum  of  three  exponential  func- 
tions. The  radioactivity  for  the  third  and  successive  days  ovei'  the  spleen  and 
liver  sites  has  been  decomposed  into  a  storage  component  and  an  exponential 
component  representing  the  lale  of  removal  of  Fe=^  from  scanned  erythropoietic 
areas.  Over  the  bone  marrow  site,  only  the  exponential  component  was  detected. 
This  exponential  component  has  almost  the  same  slope  for  the  spleen,  liver  and 
bone  marrow,  and  is  seen  again  as  the  third  component  of  the  approximating 
curve  to  the  plasma  Fe-^^  disappearance  data.  It  is  also  reflected,  with  a  negative 
coefficient,  in  the  red  cell  uptake  data.  Similar  results  were  obtained  on  2.5  other 
subjects.  This  consistent  appearance  of  the  same  exponential  function  indicates 
the  interrelationship  between  the  "preerythropoietic"  and  "erythropoietic" 
phases  of  iron  metabolism. 

II.  Observations  on  Pleural,  Ascitic  and  Edema  Fluids:  Observed  values  for 
iron  concentration  and  iron  binding  capacity  in  specimens  of  pleural,  ascitic 
and  edema  fluids  are  given  in  Table  I\.  All  samples  of  effusion  fluids  and  most 
samples  of  edema  fluid  contained  10  '  f'  or  more  of  the  iron  concentration  and  total 
iron  binding  capacity  of  the  corresponding  plasma. 

Paper  electrophoresis  and  acrylamide  gel  electrophoresis  of  all  fluids  tested 
exhibited  a  band  with  the  mobility  of  siderophilin  and  with  the  radioactive  iron 
localized  to  this  band. 

The  interchange  of  radioiron  between  plasma  and  transudates  w-as  studied  in 
patients  with  ascites,  pleural  effusion  and  generalized  anasarca.  Following  the 
intravenous  injections  of  protein  bound  Fe^^,  the  transfer  of  radioiron  to  these 
fluids  was  observed  (Tables  V,  \T,  VII  and  Figs.  13,  14,  lo).  Conversely,  the 
intraperitoneal  injection  of  ascitic  fluid  bound  Fe'''  in  a  patient  with  ascites, 
showed  a  transfer  of  radioiron  to  plasma  (Table  VHI,  Fig.  Itj).  These  studies 
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(Ic  mo  list  rate  iiitorchaiific  of  iron  bt-twccii  plasma  and  abnormal  interstitial 
Huids. 

III.  Observations  on  Lymph:  N'alues  for  tlie  concentration  of  iron,  and  iron 
binding  capacity  in  thoracic  duel  lympli  in  dogs  and  human  subjects  are  gi\-en 
in  Table  IX.  The  concentrations  were  of  the  same  order  of  magnitude  in  tlie 
central  lymph  as  in  the  corresponding  plasma.  Electrophoresis  of  lymph  demoii- 


FlG.  12.  Sul.jcct  l-.A.  iCirrlh.sis  ,.t  l.ivcri:  l-lNpcriniciit  :il  Im-''  phisni.-i  iiis;i|)|)caranc(-, 
red  cell  uplakr  and  siulacc  lailidaci        \   dala.  OOO   Plasma  (iiasppcarancc  (lata. 

•  !•'(•■"  red  cell  uplakc  data.  'I'lic  plasma  IV'-'  data  arc  sImiwii  dccoinpi is(>(i  into  a  sum 

of  three  e.xpoiiejit  iai  riliictidns.  Tiu'  body  siiri'acc  radinactivil.x  over  the  liver  and  spleen 
sites  are  decomposed  into  a  constant  shown  as  a  iinrizdntal  line,  /, ,  and  into  an  exponential 
component.  Over  the  marrow  only  an  exponential  cumijoncnt  is  present. 

slraled  a  l)and  with  the  mobility  of  plasma  siderojjliilin,  and  radioact i\(>  strip 
.scanning  showed  localization  of  radioactivity  only  to  the  same  band. 

Simiilatenous  observations  of  plasma  and  of  lymph  !•>■'"  tracer  behavior,  were 
performed  on  nine  dogs  and  four  patients  after  intravenous  injection  of  radio- 
iron.  The  experimental  findings  in  two  dogs  are  noted  in  Tables  X  and  XI,  and 
Figs.  17  and  18.  Lymph  radioactivity  increases  and  achieves  a  maximum  at 
approximately  IM)  and  (iO  minutes,  respectively.  After  about  three  hours  the 
lymph  radioactivity  begins  to  parallel  plasma  Fe-'"  disappeaiance  when  plotted 
on  semilogarithmie  paper.  The  experimental  plasma  radioactivity  data  are  ap- 
proximated by  a  sum  of  two  exponential  functions  (Tables  XII,  XIII)  assuming 
an  initial  two-pool  system.  This  api)io.\iniat  ion  is  used  for  the  calculations  of 
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Comparative  concentrations  of  iron  and  total  iron  binding  capaciti/  {in  ng  per  100  nit)  in  plasma 
and  in  pathological  accumulations  of  interstitial  fluids 


Plasma 

Ascitic  Fluid 

Pleural  Fluid 

Edema  Fluid 

Patient 

Fe 

TIBC 

Fe 

TIBC 

Fe 

TIBC 

Fe 

TIBC 

A. A. 

60 

244 

26 

70 

16 

30 

M.A. 

83 

217 

3 

7 

S.B. 

120 

183 

13 

33 

A.C. 

73 

343 

38 

180 

C.F. 

40 

2()2 

28 

133 

A.H. 

40 

352 

30 

139 

E.H. 

37 

245 

8 

8 

Hy. 

44 

61 

0 

0 

E.L. 

53 

356 

30 

147 

R.L. 

98 

397 

40 

313 

T.L. 

65 

399 

98 

J.M. 

124 

84 

159 

E.P. 

35 

177 

45 

T.S. 

38 

240 

85 

45* 
15t 

45* 
15t 

We. 

60 

188 

50 

103 

*  left  leg. 
t  right  leg. 


TABLE  V 

Subject  E.P.  (Xephritis) .  Experimental  plasma  Fe''^  disappearance  and  edema  fluid  Fe^^ 
appearance  data,  following  an  intravenous  injection  of  Fe'^^  beta-1 -globulin 


the  theoretical  tracer  i)ehavior  in  the  second,  extravascular  labile,  pool  (Tables 
XII,  XIII). 

The  observed  tracer  behavior  in  plasma  and  in  thoracic  duct  lymph  of  a  patient 
with  mild  iron  dehcieiicy  anemia  is  given  in  Table  XI\'  and  Fig.  19.  The  plasma 
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radioactivity  data  aic  approximated  t)y  a  sum  of  uvo  and  of  throe  exponential 
functions  (Table  X\')  assuming  initial  two-  and  three-pool  models  respect iveh'. 
These  approximations  are  used  for  calculations  of  the  theoretical  tracer  behavior 

TABLE  VI 


Subjerl  A  L.  (Xephiilis) .  Experiinental  plasma  Fe'"^  disappearance  and  ascitic  fluid  Fe^' 
appearance  data  following  intravenous  injection  of  Fe"  beta-1 -globulin 


Time  after  Fes»  injection  (min) 

Activity  in  plasma  cpm/2  ml 

Activity  in  ascitic  fluid  cpm/2  ml 

5 
8 

3615 

0 

12 

3190 

20 

3110 

30 

2200 

31 

8.6 

62 

1340 

(53 

12.6 

110 

703 

112 

19.5 

180 

320 

225 

24.4 

248 

214 

255 

25.8 

300 

162.5 

312 

23.8 

347 

134.2 

TABLE  VII 

Subject  A. A.  (Heart  Failure).  Experimental  plasma  Fe'-''-'  disappearance  and  pleural  fluid  and 
edema  fluid  Fe**  appearance  data  after  intravenous  injection  of  Fe'"''  tagged  autologous 


plasma 


Time  after  Fe*»  injection 
(min) 

Plasma  Fe*'  in  cpm/2  ml 

Pleural  Fluid  Fe" 
in  cpm/2  ml 

Edema  Fluid  Fe'»  in 
cpm/2  ml 

10 

1.10 

1.51 

12 

12,800 

20 
30 

11,100 
8,890 

2.28 
2.01 

17.4 

45 

5.58 

11.1 

47 

7,140 

60 

5,840 

7.52 

75 

4,350 

90 

3,620 

16.6 

18  liours 

30.7 

63.6 

54.5 

in  the  second,  extravascular  labile,  pool  (Table  XVI).  Similar  calculations  based 
on  an  initial  two-pool  model  (Table  X\TI)  were  performed  on  the  experimental 
data  (Table  X\TII  and  I'ig.  20)  of  a  patient  with  cirrhosis  of  the  liver. 

Kxperiinciital  results  on  two  additional  patients  and  on  three  dogs  are  given 
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in  Tables  XIX  to  XXIII  and  Figs.  21  to  24.  The  1  racer  behavior  patterns  are 
similar  to  those  described  above. 

IV.  Quantitation  of  Results:  The  experimentally  obtained  IV'^*  plasma  dis- 

TABLE  VIII 


Subject  A.C  (KiiiiDielstiet-Wilson  Disease):  Experimental  plasma  Fe''^  appearance  and 
ascitic  fluid  Fe'^  disappearance  data  following  intraperitoneal  injection  of  Fe'^  bound  to 
autologous  ascitic  fluid 


Time  after  Fe^^  injection  into 
peritoneal  cavity  (min) 

.Activity  in  ascitic  fluid 
cpni/2  ml 

Activity  in  plasma 
cpm/ 2  ml 

12.5 

2.08 

15 

8150 

30 

3.29 

32 

7445 

44 

9.34 

52 

6975 

60 

6955 

62 

14.15 

91 

27.4 

92 

6555 

120 

53.2 

121 

6225 

152 

64.2 

154 

5900 

180 

5665 

183 

80.4 

211 

5520 

213 

86.6 

°=  20- 


10  H  1  i  1  1  1  1  ,  1  1  1  1  1  1  1  1  1 

0     2  0    4  0     6  0    80    100   120    140   160    180  2  0  0  2  2  0  24  0  260  2  8  0  3  0  0  3  2  0 
MINUTES 

Fig.  13.  Subject  E. P.  (Nephritis) :  Radioactivity  in  plasma  and  edema  fluid  following  an 
intravenous  injection  of  Fe='-beta-l-gIobulin.  — —  Experimental  plasma  Fe"  data. 
O-  -O-  -O  Experimental  edema  fluid  Fe*'  data  (multiplied  by  10). 

appearance  and  red  cell  uptake  data  have  been  analyzed  on  the  basis  of  one-, 
two-  and  three-pool  models.  The  size  and  turnovers  of  the  component  iron  pools 
in  four  normal  volunteers  and  patient  S.H.  are  given  in  Table  XXIV  for  the 
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four  throe-pool  models  depicted  in  Fig.  2.").  Yig.  2()  illustrates  these  results  for 
models  llla  and  Illh  for  S.H.  (See  discussion  and  Figs.  29,  30). 
Tables  XX\'  and  XXM  contain  similar  tiuantitative  data  on  twenty  subjects 


120   150    180    2!0   24C  270  300  330  360 
MINUTES 

Fig.  14.  Subject  A.L.  (Xephritisj :  Radioactivity  in  plasma  and  ascitic  fluid  following  an 
intravenous  injection  of  Fe"-beta-l-globulin.  -—  Experimental  plasma  Fe"  data.o-  -O-  -O 
E.xperimental  ascitic  fluid  Fe*'  data. 


E  2,000 
^  100 
i  50 


EDEMA  FLUID 


PLEURAL  FLUID 


20  30 


40  50  60 
MINUTES 


70     80  90 


Fi<;.  15.  Subject  A. A.  (Heart  Failure):  Experimental  plasma  Fe"  disappearance  and 
pleural  fluid  and  edema  fluid  Fe'»  appearance  data  after  an  intravenous  injection  of  Fe" 
tagged  autologous  plasma.  — —  Experimental  plasma  Fe"  data.  0--0--0  Experimental 
pleural  fluid  Fe''  data,  a-  A-  A  Experimental  edema  fluid  Fe"  data. 


including  four  normal  volunteers.  Comparistjn  of  pool  sizes  and  amounts  of  iron 
leaving  the  reduced  three-pool  .system  of  the  "preerylhropoietic  pha^e,"  through 
various  pfx>ls  per  unit  time,  calculated  on  the  basis  of  four  different  three-pool 
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motk'lf!  are  iiulicated.  The  red  cell  iron  tiirno\-ers  and  liemojilohin  ren(>\val  rates 
are  calculated  on  the  basis  of  the  initial  reduced  one-,  iwo-  and  threes-pool  sys- 
tems respectively.  With  better  approximations  to  the  plasma  I'e'''  disai)pearance 
data  (i.e.,  extending  the  analysis  from  one-  to  two-  to  three-pools)  the  red  cell 


Fig.  Subject  .\.('.  (  Kiinmel- 
stiel-Wilsou  Disivise):  Hadinactiv- 
ity  ill  ascitic  fluid  and  in  plasma 
after  intraperitimeal  injection  nf 
Fe*'  bound  ti)  autologous  ascitic 
fluid.  Experimental  ascitic 

fluid  Fe^'  data.  O- -O- -O  Kxijeri 
mental  plasma  Fe^'  data  (multi- 
plied by  10). 


10,000: 
5,000- 


20    40  60 


ASCITIC  FLUID 


PLASMA 

"(ACTIVITY  X  IC 


100  120  140  160  180  200  220 
MINUTES 


Comparative  values  (in  ng  per  100  ml)  for  iron  cont  entration  and  total  iron  binding  rapacitj  in 
plasma,  and  thoracic  duct  lijniph  in  humans  and  dogs 


Subject 

Plasma  Iron 

Lymph  Iron 

Plasma  TIBC 

Lymph  TIBC 

Human,  J.  B  

128 

75 

103 

55 

80 

270 

263 

Dog  *3161  

177 

186 

347 

345 

Dog  *3234  

250 

245 

324 

336 

Dog  *3249  

280 

300 

441 

4.30 

Dog  *3637  

70 

54 

398 

258 

Dog  #4369  

52 

53 

306 

280 

Dog  #5160  

90 

87 

229 

211 

109* 

230* 

Dog  #5523  

51 

56 

342 

240 

148* 

*  Cervical  lymph. 


iron  turnover  values  tend  to  decrease.  The  three-pool  analysis  gives  results  that 
are  physiologically  most  tenable.  In  multiple-pool  analysis  of  ferrokinetic  data  an 
inherent  assumption  is  that  the  subjects  are  metabolically  hi  a  steady  state  (8,14). 
Though  most  patients  show  definite  hematologic  changes  over  a  long  period  of 
time,  during  the  short  experimental  interval  (one  to  three  weeks)  they  may  be 
considered  to  be  in  a  steady  stale.  However,  this  may  not  hold  true  for  W.O. 
This  patient  suffered  episodes  of  acute  congestive  heart  failure  and  required 
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Dog  3161.  Experimental  plasma  Fe'"^  disappearance  and  lymph  Fe^^  appearance 
and  disappearance  data 


Time  after  Fe»  in 'ection  min 
ime  a  ter    e»  injection  (min) 

\ctivit   in   lasma  in  c  m  2  ml 
.  ctivity  in  p  asma  in  cpm/2  m 

A  ti  it   in  1  -m  h  n  c  m  2  ml 
Activity  m  ymp  i  in  cpm/2  m 

5 

2705 

10 

2625 

25 

15 

2505 

56 

20 

2445 

30 

2235 

213 

45 

2000 

321 

60 

1845 

353 

75 

376 

90 

1535 

358 

105 

390 

120 

1235 

283 

135 

287 

150 

333 

180 

830 

3(i4 

240 

572 

225 

300 

397 

144 

340 

306 

350 

166 

TABLE  XI 


Dog  3249.  Experimental  plasma  Fe^^  disappearance  and  lymph  Fe'^^  appearance  and 
disappearance  data 


Time  after  Fe"  injection  (min) 

Activity  in  plasma  in  cpm/2  ml 

Activity  in  lymph  in  cpm/2  ml 

5 

1870 

10 

1785 

15 

1720 

118 

20 

1570 

30 

1510 

284 

45 

1320 

45(i 

60 

454 

63 

1150 

75 

44(i 

90 

990 

411 

105 

:m 

125 

340 

126 

760 

150 

290 

175 

540 

234 

250 

302 

Kil 

299 

201 . 4 

300 

90.3 

350 

134.1 

71.5 
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TABLK  XII 
Dog  3161 

II pi*:  Approximation  of  experimental  plasma  Fe'"'^  disappearance  data  (Table  X)  by  means 
of  two  exponential  functions. 

Iltiip'f:  Theoretical  radioactivity  in  extravascttlar  labile  pool  based  upon  IIpi  and  multi- 
plied by  an  appropriate  factor . 


Time  after  Fe»  injection 
(min) 

llpi 

Ilevlp 

A 

2500e-ooo6i( 

B 

300c-o.o2o( 

C 

A  +  B 

OOOK   ^      0  0( 

E 
lOOOD 

5 

2425 

271 

2(195 

0. 0(552 

65 

10 

2352 

24() 

2600 

0.1321 

132 

15 

2282 

222 

2505 

0.1718 

172 

30 

2082 

165 

2245 

0.2840 

284 

45 

1900 

122 

2020 

0.3533 

353 

(iO 

1776 

90 

1865 

0.3923 

392 

90 

1444 

50 

1495 

0.4122 

412 

120 

1202 

27 

1230 

0.3902 

390 

180 

834 

8 

840 

0.3062 

306 

240 

578 

2 

580 

0.2231 

223 

300 

401 

401 

0.1579 

158 

340 

315.5 

316 

0.1262 

126 

*  pi  =  plasma. 

t  evlp  =  extravascular  labile  pool 


TABLE  XIII 
Dog  3249 

II  pi:  Approximation  of  experimental  plasmaFe^^  disappearance  data  {Table  XT)  by  means 
of  two  exponential  fiiniiions. 

Ilevlp  Theoretical  railiodclirity  in  extravascular  labile  pool  based  upon  IIpi  and  multi- 
plied by  an  appropriate  factor. 


Time  after  Fe^'  injection 
(min) 

Ilpi 

Ilev 

p 

A 

17506-0. oi);u( 

C 

A  +  B 

D 

E 
lOOOD 

5 

1689 

174 

1865 

0.0955 

96 

10 

1629 

151 

1780 

0.1753 

175 

15 

1572 

131 

1705 

0.2414 

241 

20 

1517 

114 

1630 

0.2957 

296 

30 

1413 

86 

1500 

0.3755 

376 

45 

1269 

57 

1325 

0.4413  ■ 

441 

63 

1116 

34 

1150 

0.4664 

466 

90 

920 

16 

935 

0.4454 

445 

126 

712 

6 

720 

0.3773 

377 

175 

501 

2 

503 

0.2790 

279 

250 

294 

0 

294 

0.1668 

167 

299 

207 

207 

0.1181 

118 

350 

143.8 

144 

0.0822 

82 
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5.000- 

2,000- 

t  E  1,000: 

>  (\j  '■ 

500 j 

•?  e 

O  ^  200- 

100^ 

'^1  50: 

20- 

10- 

DOG  *  3161 


100        150       200  250 
TIME    IN  MINUTES 


350 


Fig.  17.  Dog  ^SlOl  (Normal):  Radioactivity  in  plasma  and  thoracic  duct  lymph  after 
intravenous  injection  of  P>^'  tagged  autologous  plasma.         Experimental  plasma  Fe°' 

data.  OOO  E.xperimental  l\niph  Fe*'  data.    Approximation  of  the  experimental 

plasma  radioactivity  dat.i  !>>  a  sum  of  two  exponential  functions  (i.e.,  theoretical  values 
based  on  an  initial  t wn-ix n il  s\stem): 


=  800c 


2500e- 


 Theoretical  radiotictivity  in  the  second  (oxtravascular  labile)  pool  based  upon  the 

approximation  of  plasma  radioactivity  by  two  exponential  functions,  and  nudtiplied  by  an 
appropriate  constant : 


i,t  =  1000  (c-""""'  -  e-o-o^o')- 


*  pi  =  plasma. 

t  evlp  =  extravascular  labile  pool. 


5.000; 

2.000 


>-  — 

>l 

1.000: 

5oo; 

200- 

Q  CO 

S| 

100: 

t  o 

50: 

li.  — 

20- 

10- 

c 

0        100       150       200  250 
TIME    IN  MINUTES 
Fig.  18.  Dog  *324!)  (Normalj:  liadio.idivit  v  in  plasm.i  .hi 
an  intravenous  injection  of  Fe''"  t.'inticd  .■lutnldniiiis  pl.-i.^in.-i 
Fe^*  data.  OOO  Experimental  lyinj)!!  I  'c    dai  a .  .\|)])rci> 

Clasma  radioactivity  data  by  a  sum  nl  two  exponential  lunct 
ased  on  an  initial  "two-pool  system;: 


•  •  I'ixpcriinciil  al  |)lasnia 
inn  1)1'  the  c.xpcri nicnl a! 
IS  (i.e..  tlicorctical  v;ilucs 


20()f; 


1750(-  " 


 Theoretical  radioactivity  in  the  second  (extravascular  labile )  pool ,  based  upon  the 

approximation  of  jjlasina  radioactivity  two  exponential  functi(jns,  and  multi|)licil  by  an 
appropriate  constant: 

f/ovip  =  1000  (e  - 
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lO.OOOq 

5,000- 

\ 

\^PLASMA 

MS        47  YR 

2,000- 

t  i  1.000: 

500E 

<  - 

o  1  200- 

<|  100; 

8  5°: 

20- 

10- 

50 


300 


350 


100        150       200  250 
TIME    IN  MINUTES 

Fig.  19.  Subject  M.S.  (Miki  Iidii  1  )('ficioii(\v  AiuMiiia ) :  liadioactivity  in  i)la.sina  and  tho- 
racic duct  lynipii  after  iiitravendus  iiijcctimi  n(  Fc-'f-lx'ta-l-glohuliii.  •  •  •  I'^xperimental 
plasma  Fe"  data.  OOO  E.xijerinicut al  Ixniph  Fi'''"  data.  -  .\pprii.\iniati(iii  of  the  ex- 

perimental plasma  radioactivity  (hita  1>.\'  a  sum  of  tlucc  exponential  functions  (i.e.,  theoreti- 
cal values  based  on  an  initial  tliree-pool  system  of  iron  metabolism) : 


3000('-" 


+  4050?-" 


 Theoretical  radioactivity-  in  the  second  (extr 

above  approximation  of  oxijcrinicnt al  plasma  radioai 
and  multiplied  by  an  appropriate  constant  : 

9eMp  =  ()5(-52.406e-''"'"  +  52.204e- 


_|-  4(;p-o.ooo; 
vascular  lab 


ilc)  pool,  based  upon  the 
)y  three  exponential  functions, 


0.202e-»-»»'""'). 


 Theoretical  plasma  and  extravascular  labile  pool  data  based  on  an  initial  two-pool 

system,  \  alues  preceding  the  dotted  line  (during  the  first  100  to  150  minutes)  cannot  be 
distinguished  from  those  based  on  an  initial  three-p(M)l  system.  For  the  exact  theoretical 
values  corresponding  to  the  two-pool  model  see  Tables  X\'  and  X\'I. 


5.000; 

2.000 


TY 

,000: 

500 ; 

(J  r- 

n 

200- 

Si 

100: 

s  o 

5o; 

20- 

10- 

0         50         100        150       200  250 
TIME    IN  MINUTES 

Fig.  20.  Subject  J.B.  (Cirrhosis  of  the  Liver):  liadioactivity  in  plasma  and  thoracic 
duct  lymph  after  an  intravenous  injection  of  Fe^'-beta-l-globulin  •••  Experimental 
plasma  Fe^'  data,  ooo  Experimental  l\-niph  Fe''  data.  Approximation  of  the  ex- 
perimental plasma  radioactivity  data  iiy  a  sum  of  two  exponential  functions  (i.e.,  theoreti- 
cal values  based  on  an  initial  two-pool  system  of  iron  metabolism): 

9„i  =  mOe- +  2100e-" 

 Theoretical  radioactivity  in  the  second  (extravascular  labile)  pool,  based  upon  ap- 
proximation of  experimental  plasma  radioactivity  by  two  exponential  functions,  and  multi- 
plied hy  an  appropriate  constant : 

gevip  =  1900 (e-""!"  -  e-""^")- 
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cardiotonic-diurctif  therapy.  To  what  extent  this  affected  the  ferrokinetic 
results  is  not  known. 

Iron  destined  for  hemoglobin  formation  enters  the  immatm-e  cells  of 
the  erythron  maturation  pool  from  the  marrow  iron  transit  pool.  After  passing 
through  several  stages  of  maturation,  the  hemoglobin  (and  non-heme)  iron  is 
released  into  the  circulating  blood  in  young  red  cells.  The  average  time  elapsed 
between  the  disappearance  of  radioiron  from  the  marrow  iron  transit  pool  and 


TABLE  XIV 

Subject  M.S.  {Mild  Iron  Deficiency  Anemia).  Experimental  plasma  Fe'^  disappearance  and 
lymph  Fe'^  appearance  and  disappearance  data 


Time  after  Fe"  injection  (min) 

Activity  in  plasma  in  cpm/2  ml 

Activity  in  lymph  in  cpm/2  ml 

5 

6310 

10 

5300 

76 

15 

5565 

155 

20 

3840 

253 

30 

2945 

523 

45 

790 

53 

1705 

690 

60 
75 

510 

88 

700 

90 

425 

105 

360 

120 

280 

124 

330 

135 

133 

180 

118 

182 

164 

240 

91 

244 

58 

300 

56 

367 

38 

45 

370 

1620 

14.0 

2880 

4.5 

its  reappearance  in  the  circulating  blood  is  called  the  "time  lag."  This  can  be 
determined  by  superposition  of  the  calculated  theoretical  red  cell  uptake  curve 
and  the  corresponding  experimental  uptake  curve  as  demonstrated  in  Fig.  27. 
The  size  of  the  erythron  maturation  pool  (in  terms  of  iron)  can  be  expressed  as 
the  product  of  the  time  lag  and  the  red  cell  iron  turnover  (8,81).  Table  XXVII 
gives  such  results  for  ten  patients  and  four  normal  subjects. 

DISCl'SSION 

Plasma  Fe'^^  disappearance  data  have  been  extensively  used  for  (luantitative 
evaluation  of  erythropoiesis  (4,(),7,8,12,19,:r2,:«).  During  the  first  two  or  three 
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days  after  intravenous  injection  of  Fe^^,  tracer  iron  behavior  in  plasma  can  he 
host  approximated  hy  a  sum  of  three  exponential  functions  which  indicates  the 
existence  of  three  mutually  interchanging  iron  pools  (8,14,15,17),  plasma  (first 
pool)  and  two  other  pools  (second  and  third  pools).  The  third  iron  pool  has  been 
recognized  as  the  labile  pool  most  intimately  coiuiected  with  erythropoiesis  (7,8, 

TABLE  XV 


Subject  M.S.  (Mild  Iron  Deficiency  Anemia).  Approximations  of  experimental  plasma  Fe^^ 
disappearance  data  [Table  A'/l'j  by  means  of  two  (II)  and  three  (III)  exponential  functions 
respectively 


Time  after  Fe" 

II 

III 

(min) 

A 

3000e-»"' 

B 

4100e-'«>' 

c 

A+  B 

D 

JOOOe-n*"' 

E 

4050e-c»22« 

F 

46(.-o.oooT-( 

G 

D  +  E  +  F 

5 

2407 

3691 

6100 

2444 

3628 

45.8 

6120 

10 

1932 

3323 

5255 

1990 

3250 

45.6 

5285 

15 

1550 

2992 

4540 

1622 

2912 

45.5 

4580 

20 

1244 

2776 

4020 

1321 

2608 

45.3 

3975 

30 

801 

2184 

2985 

877 

2093 

45.0 

3015 

45 

474 

1505 

44.4 

2025 

53 

291 

1347 

1640 

341 

1262 

44.1 

1645 

GO 

256 

1082 

43.9 

1380 

75 

139 

778 

43.4 

960 

88 

62 

646 

710 

81 

584 

43.0 

710 

90 

75 

559 

42.9 

675 

105 

40.5 

401 

42.4 

485 

120 

22.0 

289 

41.9 

355 

124 

13 

303 

316 

18.6 

265 

41.8 

325 

135 

11.7 

207.8 

41.5 

261 

180 

1.8 

77.4 

40.0 

119.2 

182 

1.8 

73.7 

40.0 

115.5 

240 

20.7 

38.2 

58.9 

244 

19.0 

38.12 

57.3 

300 

5.67 

36.51 

42.2 

302 

5.27 

34.46 

39.7 

367 

1.22 

34.67 

35.9 

370 

1.22 

34.60 

35.8 

1620 
2880 

13.21 
5.01 

13.2 
5.0 

34)  and  is  here  denoted  as  the  "marrow  iron  transit  pool"  (Fig.  8).  The  identifica- 
tion and  significance  of  the  second  pool  has  received  only  cursory  attention. 
Pollycove  and  Alortimer  (7)  discuss  the  plasma  Fe"^  disappearance  data  in 
normal  subjects  both  in  terms  of  three  and  in  terms  of  only  two  distinct  under- 
lying pools  corresponding  to  an  approximation  of  such  data  for  a  period  of  up  to 
two  weeks  by  sums  of  three  and  of  two  exponential  functions  respectively.  None 
of  our  data  for  a  period  extending  beyond  the  first  day,  could  be  adequately  ap- 
proximated by  only  two  exponential  functions.  It  was,  therefore,  concluded 


TABLE  XVI 

Subject  M.S.  (Mild  Iron  Deficiency  Anemia).  Theoretical  radioactivity  in  "the  second  pool" 
based  upon  analysis  of  plasma  Fe'^  disappearance  data  (Table  XIV),  in  terms  of  two  (II) 
and  three  (III)  pool  systems  respectirely,  multiplied  by  appropriate  constants 


Column  C:  -o2.406e 

-o.o4i(  ^  52.204e-»  022'  -\ 

-  0.202e-''  <i»'''' 

III 

J       f     F       •  • 

^min) 

c-o.nii  —  f-o.mi 

2900  .\ 

C 

(See  caption) 

D 

65C 

5 

0.0978 

284 

4.27 

277 

10 

0.1666 

484 

7.32 

475 

15 

0.2130 

(lis 

9.39 

610 

20 

0.2422 

703 

10.74 

696 

30 

0.2655 

770 

11 .81) 

770 

45 

0.2506 

11.36 

737 

53 

0.2315 

(-.72 

60 

0.2113 

614 

9.64 

62(> 

75 
88 
90 

0.1701 
0.1367 

4<)4 
397 

7.80 
6.09 

506 
395 

105 

4.66 

303 

120 

3.53 

229 

124 

0.0697 

202 

135 

2.66 

173 

180 

0.0224 

65 

182 

1.10 

72 

240 

0.44 

29 

244 

0.0060 

17 

300 

0.23 

15 

367 

0.17 

11 

T.\HLE  XVII 

SubjrrI  .I.B.  (Cirrhosis  nj  thr  l.ircr) 

II,, I  :  A  pproxiiiialion  of  cxpcriiiirrtliil  plasma  I  'l  '  il i sn ppcarancc  data  (Table  XVIII) 
by  means  of  two  exponential  functions. 

II, rip  :  Theoretical  radioactivity  in  extravasrular  lahilc  pool  based  upon  IIpi  and  multi- 
plied by  an  appropriate  factor. 


Time  after  Fe" 

llpi 

II,vlp 

injection  (min) 

A 

2100e-»<"" 

6 

1000e-«  M" 

C 

A  +  B 

D 

e         —  e 

E 

1900D 

5 

19.39 

814.6 

2755 

0.1085 

206 

10 

17K9 

6()3.6 

2455 

0.1885 

358 

15 

l(i.52 

540.6 

2195 

0.2460 

467 

20 

152.5 

440.5 

1965 

0.2856 

542 

30 

1.300 

292.3 

1590 

0.3265 

620 

45 

1022 

158.0 

1180 

0.3287 

624 

60 

804 

85.4 

890 

0.2975 

565 

90 

498 

25.0 

523 

0.2119 

403 

123 

293 

6.4 

299 

0.1333 

2-54 

179 

119.7 

0.7 

120.4 

0.0563 

107 

240 

45.2 

45.2 

0.0215 

41 

300 

17.4 

17.4 

0.0082 

15 
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TABLE  XVIII 

Subject  J.B.  {Cirrhosis  of  the  Liver).  Esperintental  plas/na  Fe-'^  disappearance  and  lymph 
Fe'"^  appearance  and  disappearance  data 


Time  after  Fe"  injection  (min) 


20 


40.5 


123 


Activity  in  lymph  in  cpm/2  ml 
9.7 
236 

538 

(383 

G4() 
()57 

588 
571 

503 

200.4 

131 . 1 

72.7 

37.3 


TABLE  XIX 


Subject  I.H.  {Diagnosis  Unknown).  Lymph  Fe'^  appearance  and  disappearance  data  following 
an  intravenous  injection  of  Fe^^  beta-1  -globulin 


Time  after  Fe»9  injection  i,min) 

Lymph  radioactivity  in  cpm/2  ml 

29 

87 

49 

116 

59 
69 

160 

79 

186 
189 

89 

199 

109 

332 

129 

349 

149 

450 

169 

493 

189 

449 

209 

509 

229 

533 
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TABLE  XX 

Subject  J.C.  (Diagtwsis  Unknotcn).  Lymph  Fe'^  appearance  and  disappearance  data  after 


intravenous  injection 

of  Fe'^-beta-l -globulin 

Time  after  Fe**  injection  (,niin) 

L>mph  radioactivity  in  cpm/  2  ml 

10 

211 

21 

309 

33 

176* 

46 

159* 

59 

230 

75 

148 

85 

149 

141 

131 

137 

171 

137 

211 

124 

246 

114 

285 

97 

374 

59 

1467 

33.6 

*  lymph  specimens  clotted. 


TABLE  XXI 

Dog  A  (Xormal).  Plasma  Fe*'  disappearance  and  lymph  Fe'^  appearance  and  disappearance 
data  after  intravenous  injection  of  Fe'^  bound  to  autologous  plasma 


Time  after  Fe"  injection  (min) 

Plasma  radioactivity  in  cpm/2  ml 

Lymph  radioactivity  in  cpm/2  ml 

4.2 

12,850 

7.5 

11,850 

9.0 

11,700 

11.0 

11,450 

14 

14.0 

11,2.50 

20.5 

920 

29.0 

9,850 

31.0 

2,200 

44.5 

8,180 

58.0 

7,875 

99.0 

1,030 

117.0 

4,560 

146.0 

3,665 

148.0 

1,020 

180.0 

2,820 

215.0 

2,050 

218.0 

925 

260.0 

1,3.35 

750 

301.0 

875 

360.0 

525 

390 
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tablf:  XXII 


Dog  32S4  {Normal).  Plasma  Fe'^  disappearance  and  lymph  Fe^^  appearance  and  disappear- 
ance data  following  intravenous  injection  of  Fe^^  bound  to  autologous  plasma 


Time  alter  Fe"  injection  (min) 

Radioactivity  in  plasma  in  cpm/2  ml 

Radioactivity  in  lymph  in  cpm/2  ml 

5 

2415 

10 

2320 

15 

2255 

86 

20 

2175 

30 

2115 

230 

45 

305 

60 

1850 

280 

75 

320 

120 

1375 

360 

150 

3()5 

180 

1005 

315 

240 

675 

172 

300 

164 

32G 

470 

358 

395 

116 

TABLE  XXIII 

Dog  II  (Normal).  Plasma  Fe^^  disappearance  and  lymph  Fe^^  appearance  and  disappearance 
data  following  intravenous  injection  of  Fe^^  bound  to  autologous  plasma 


Time  after  Fe*'  injection  (min) 

Plasma  radioactivity  cpm/2  ml 

Lymph  radioactivity  cpm/2  ml 

4.5 

117 

5 

3755 

10 

3435 

15 

3165 

263 

20 

2865 

375 

30 

2460 

590 

45 

1835 

635 

60 

1380 

585 

75 

520 

90 

775 

375 

105 

320 

120 

450 

325 

135 

310 

150 

275 

151 

257 

165 

207 

180 

182 

170 

195 

154 

211 

139 

225 

125 

240 

122 

107 

270 

89.4 

300 

55.6 

360 

35.8 
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500- 

200- 
lOO-d 
50- 


LYMF 


200- 

100: 

50- 


C    30   60   90   120  150  180  210  240  270  300  330  360  390 
MINUTES 

=  „  SPECIMEN  CLC'TEO 

Fig.  21.  Top.  Subject  I.H.  (Diagnosis  Unknown):  Radioactivity  in  thoracic  duct  Ij'mph 
after  intravenous  injection  of  Fe''-beta-l-globulin.  0--0--0  Experimental  hmph  Fe" 
data. 

Fig.  21.  Bottom.  Subject  J.C.  (Diagnosis  Unknown):  Radioactivity  in  thoracic  duct 
Ivmph  after  intravenous  injection  of  Fe^'-beta-l-giobulin.  0--0--0  Experimental  Ivmph 
Fe^f  data. 

20,000- 
10.000- 
t  1  5,000- 


2.000- 


200H; 

100- 


0     30   60   90   120  150  i80  210  240  270  300  330  360 
MINUTES 

Fig.  22.  Dog  A  (Normal;:  Radioactivity  in  plasma  and  thoracic  duct  lymph  after  intra- 
venous injection  of  Fe^'  bound  to  autologoas  plasma.  E.xperimental  plasma  Fe"  data. 
0--0--0  Experimental  lymph  Fe"  data. 

5.000- 


>•  r  2.000- 

tr  E 

^  ~  1.000 
500 


o 

9  (Ji 


200 

^§  ,00. 


0    30   60   90   120  150  180  2i0  240  270  300  330  360 
MINUTES 


Fig.  23.  Dog  3234  (Normal;:  Radioactivity  in  plasma  and  thoracic  duct  lymph  after 
intravenous  injection  of  t'e"  bound  to  autologous  plasma.  Experimental  plasma  Fe" 
data.  0--0-  -O  Experimental  lymph  Fe*'  data. 


30   60   90   120  150  180  210  240  270  300  330  360 
MINUTES 

Fig.  24.  Dog  R.II  (Normal):  Eadioactivit y  in  plasma  and  thoracic  duct  lymph  after 
an  intravenous  injection  of  Fe^'  bound  to  autoldgou.s  plasma.  Experimental  plasma 
Fe*'  data,  o-  -O-  -O  Experimental  lymph  Fe°'  data. 


TABLE  XXIV 

Pool  sizes,  iron  turnovers  and  iron  lranf:fer  rates  on  four  normal  roliinleers  (E.  A.;  J.  0.; 
H.  H.;  A.  T.)  and  the  subject  S.  H.  (Cerebral  accident  with  normal  peripheral  hemograni) 
calculated  on  the  basis  of  four  different  initial  three-pool  models  (Ila,  Ilia,  Illb  and  IVa) 
(17) 


Three-Pool 

Model 
Consideredt 

Subject 

Amount  Fe  (mg) 
in  Each  PoolQ,  *: 

.Amount  Fe 
(mg/  d.)  Leaving 
the  Preerythro- 
poietic  System 
Through  Each 
Pool  Of : 

Total  Iron  Turn- 
over (mg/d) 
in  Each  Pool  Q. : 

Amount  Fe  (mg/d;  Transferred 
From  the  ith  to  the  jth  Pool: 

Qi  -Qr- 

Oi 

£i 

El 

£3 

(3. 

Q2 

Oa 

%7 

%r 

%r 

V 

Ila 
Ilia 
Illb 
IVa 

E.A. 
J.O. 
H.H. 
A.T. 
S.H. 

E.A. 
J.O. 
H.H. 
AT. 
S.H. 

E.A. 
J.O. 
H.H. 
A.T. 
S.H. 

E.A. 
J.O. 
H.H. 
A.T. 
S.H. 

l.fi 
2., 3 
2.2 

3.1 
2.5 

1.6 
2.3 
2.2 
3.1 
2.5 

1.6 
2.3 
2.2 
3.1 
2.5 

1.6 
2.3 
2.2 
3.1 
2.5 

4.0 
4.4 
2.9 
4.3 
12.8 

0.37 
0.47 
0.46 
0.66 
2.1 

5.3 
11.8 
3.8 
4.1 
9.8 

3.5 
3.6 
2.4 
2.4 
10.9 

44.0 
157.0 
46 . 1 
118.9 
24.8 

42.8 
35.1 
43.8 
112.0 
29.4 

42.8 
35.1 
43.8 
112.0 
29.4 

40.8 
33.1 
42.7 
110.1 
22.6 

0 
0 
0 
0 
0 

0 
0 
0 
0 
0 

0 
0 
0 
0 
0 

3.3 
4.2 
3.6 
5.3 
4.2 

3.3 
4.2 
3.6 
5.3 
4.2 

3.3 
4.2 
3.6 
5.3 
4.2 

47.7 
106.0 
29.6 
33.1 
20.0 

0 
0 
0 
0 
0 

18.9 
16.8 
15.3 
24.2 
13.3 

18.9 
16.8 
15.3 
24.2 
13.3 

18.9 
10.8 
15.3 
24.2 
13.3 

18.9 
16.8 
15.3 
24.2 
13.3 

25.9 

22.9 
23.2 
39.7 
28.5 

25.9 
22.9 
23.2 
39.7 
28.5 

25.9 
22.9 
23.2 
39.7 
28.5 

25.9 
22.9 
23.2 
39.7 
28.5 

52.6 
45.1 
37.7 
70.1 
47.4 

5.0 
5.1 
6.2 
11.0 
8.9 

71.5 
127.8 
51.1 
08.3 
42.2 

45.9 
30.9 
31.8 
39.7 
40.4 

45.6 
39.1 
29.7 
54.6 
32.2 

20.9 
17.8 
17.0 
28.8 
19.6 

20.9 
17.8 
17.0 
28.8 
19.6 

42.2 
35.0 
27.5 
50.5 
29.4 

25.9 
22.9 
23.2 
39.7 
28.5 

5.0 
5.1 
0.2 
11.0 
8.9 

5.0 
5.1 
6.2 
11.0 
8.9 

22.6 
18.7 
19.0 
34.4 
24.3 

3.7 

I.  9 
4.4 
10.2 

II.  0 

1.7 

0.9 
2.0 
5.7 
4.7 

23.9 
21.8 
21.5 
35.2 
22.2 

3.7 

I.  9 
4.4 
0.7 

II.  0 

0 
0 
0 
0 
0 

20.9 

17.8 
17.0 
28.8 
19.6 

20.9 
17.8 
17.0 
28.8 
19.6 

0  • 

0 
0 
0 
0 

0 
0 
0 
0 
0 

2.0 
1.0 
1.8 
4.6 
6.3 

2.0 
1.0 
1.8 
4.6 
6.3 

0 
0 
0 
0 
0 

45.6 
39.0 
29.7 
54.6 
32.2 

0 
0 
0 
0 
0 

0 
0 
0 
0 
0 

42.2 
35.0 
27.4 
33.0 
29.4 

26.7 
22.3 
14.4 
30.4 
18.5 

0 
0 
0 
0 
0 

0 
0 
0 
0 
0 

23.3 
18.2 
12.2 
26.3 
16.1 

t  For  e.xact  interconnections  of  these  models  see  Figure  25. 
*  Q\  =  plasma  iron  pool. 

Qi  =  extrava.sc-ular  labile  (interstitial)  iron  pool. 

Q3  =  marrow  inm  transit  jjixil. 
For  exact  definitions  see  Figures  1  and  2. 
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that  the  second  or  extravascular  labile  pool  was  significant  and  could  not  be 
neglected  (Figs,  (i,  8).  Analysis  of  in  vivo  data  in  terms  of  this  second  pool  (Fig. 
11)  indicated  that  such  a  compartment  must  have  a  generalized  distribution. 
This  was  consistent  with  the  h^-pothesis  that  the  extravascvilar  labile  pool 


Fi<;.  25.  Four  three-pool  models  of  the  initial  "jjrecrythropoietic  pha.se"  of  iron  metabo- 
lism. <r,  is  the  fraction  of  total  metabolite  entering  the  .system  which  enters  it  through  pool 
Q,  .  For  the  definitions  of  the  other  symbols  see  Figs.  1  and  2. 

consisted  of  iron  in  the  interstitial  fluid.  Evidence  for  this  concept  was  found 
in  studies  on  pathologic  accumulations  of  interstitial  fluids  (edema,  pleural  and 
ascitic  fluids),  and  in  the  interchange  of  radioiron  between  these  compartments 
and  plasma  (Figs.  13,  14,  lo,  16,  Tables  IV,  \\  VI,  MI,  VIII).  Xo  attempts  at 
mathematical  analysis  or  quantitation  of  the  kinetics  of  iron  movement  were, 
or  could  be,  made  in  these  studies,  since  the  conditions  of  the  experiments  pre- 
cluded the  existence  of  a  .steady  state.  Such  fluids  formed  reser\-oirs  of  iron,  where 
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A  B 

Fig.  2G.  Subject  S.H.:  Models  of  iron  metabolism  with  quantitative  results  from  Table 
XXI\"  for  "preerythropoietic  systems"  Ilia  and  Illb.  The  erythropoietic  phase,  circulat- 
ing red  cell  pool  and  storage  iron  pool  are  discussed  in  tlie  text  below.  All  pool  sizes  and 
turnover  values  were  measured  or  calculated  except  for  the  storage  component  which  was 
obtained  from  the  literature  (1,  2). 


Fig.  27.  Subject  A.M.  (Normal) : 
Experimental  RBC  Fe=^  uptake 
data  and  their  approximation  by 
theoretical  values  derived  from  the 
three-pool  analysis  of  plasma  Fe^^ 
disappearance  data.  X-X-Xf  Ex- 
perimental RBC  Fe^s  uptake  (lower 
time  scale  I).  • — • — 't  Theoretical 
RBC  Fe^s  uptake  for  models  Ilia 
and  Illb  (upper time  scaler  =  t  — 
1.25  days).  o--0--ot  Theoretical 
RBC  Fe^9  uptake  for  models  Ila 
and  IVa  (upper  time  scale  t  = 
I  -  1.25  days). 


1.25  DAYS 


2  3 


3  4   5   6  7 


9  10  II  12  13  14  15  16  17 
:  IN  DAYS 


*  The  bracket,  i  1,  refers  to  time  lag  =  j_  =  1.25  days  (17,  23). 

t  After  day  5  all  three  lines  coincide. 
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the  h\-pothosis  of  instantaneous  mixing  could  not  be  held  as  "approximately" 
true. 

Because  of  these  considerations,  a  study  of  lymph  (8,3.3,36)  as  the  only  ac- 
cessible normal  sub-compartment  of  the  interstitial  fluid  (37,38)  was  under- 
taken. The  role  of  lymph,  and  therefore  of  interstitial  fluid,  as  a  possible  medium 
for  transport  of  iron  has  been  investigated  previously.  In  1939  Moore  et  al.  (39) 
demonstrated  an  increase  in  the  iron  content  of  thoracic  duct  lymph  in  dogs 
following  the  intravenous  injection  of  large  doses  of  iron.  Peterson  and  Mann 


Fig.  28.  Subject  .\.M.  (Normal,  with  99'c  RBC  Fe^'  uptake;:  E.xperimental  in  vivo 
radioactivity  data  (corrected  for  blood  background j  over  the  bone  marrow  area,  and  their 
appro.ximation  by  theoretical  values  derived  from  three-pool  analysis  (Models  Ilia  and 
Illb)  of  plasma  Fe"  disappearance  data.  O- -O- -O  Experimental  in  vivo  radioactivitj- 
over  bone  marrow  area,  with  90' t*  correction  for  blood  background.  •  •  •  Experimental  in 
vivo  radioactivity  over  bone  marrow  area,  with  lOO*:  c  cf)rrection  for  blood  background.  A-A-A 
Theoretical  in  vivo  radioactivity  over  any  given  erythropoietic  area  (including  activity  in 
bone  marrow  iron  transit  pool  and  ervthron  maturation  pool). 

*  The  rationale  for  the  modified  (90' c)  blood  background  correction  is  that  radioactivity 
distribution  within  the  body  may  differ  for  plasma  and  for  red  cells  due  to  differences  be- 
tween venous  and  local  "organ  hematocrits." 

in  19")2  (40),  and  subsequently  Everett  et  al.  (41)  suggested  that  the  most  likelj- 
source  of  lymph  iron  was  resorption  from  the  blood  stream. 

The  similarity  of  iron-binding  proteins  and  of  iron  concentrations  in  plasma, 
in  lymph,  and  in  other  interstitial  fluids  has  been  shown.  Rapid  interchange  of 
radioiron  between  plasma  and  lymph  was  directly  demonstrated  from  studies  of 
plasma  and  of  thoracic  duct  lymph  after  intravenous  injection  of  Fe'*.  The  ob- 
ser\-ed  values  in  lymph,  when  compared  to  theoretical  values  of  the  second  pool 
derived  mathematically  both  on  the  basis  of  two-  and  of  three-pool  models, 
showed  anticipated  agreement.  Some  deviations  from  predicted  values  are  to  be 
expected  becau.se  of  the  experimental  conditions,  in  particular  because  of  changes 
in  the  steady  state  (lymph  wa.<  not  recirculated).  Lymph  forms  only  a  fraction 


2  3 


5  6  7  8  9 
TIME  IN  DAYS 
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TABLE  XXVI 


Comparison  of  red  cell  iron  turnover  rates  (and  hence  of  hemoglobin  renewal)  ralritlated  on  the 
basis  of  a  a)  one-pool  system;  b)  two-pool*  system;  c)  three-pool*  system,  on  twcnti/  one 
subjects  including  normals  and  patients  with  various  blood  dyscrasias 


RBC 

Crs' 
Vol- 
ume 
(ml) 

U  Maxi- 
mum 
(Frac- 

Red Cell  Iron  Turnover 
(mg/day)  Based  Upon 

Percent  Hemoglobin 
Renewal/Day  Based  Upon 

Subject 

Diagnosis 

Weight 

(kg) 

tional) 
Red 
Cell 
Fe" 
Uptake 

One- 
pool 
Analy- 
sis 

Two- 
pool 
Analy- 
sis 

Three- 
Analy- 
sis 

One- 
Analy- 
sis 

Two- 
Analy- 
sis 

Three- 
Analy- 
sis 

E.A. 

Normal  Volunteer 

57 

1840 

0 

85 

22 

6 

20 

7 

18.9 

1 .23 

1 .12 

1 .03 

J.O. 

Normal  Volunteer 

63 

6 

2035 

0 

80 

18 

2 

17 

7 

16.8 

0.90 

0.87 

0.82 

H.H. 

Normal  Volunteer 

62 

3 

1860 

0 

81 

20 

1 

16 

8 

15.3 

1.08 

0.90 

0.82 

A.T. 

Normal  Volunteer 

88 

2 

2230 

0 

82 

30 

0 

26 

6 

24.2 

1.35 

1.19 

1.09 

S.H. 

Cerebral  Accident: 
Normal  peripheral 
hemogram 

81 

5 

1590 

0 

759 

20 

5 

17 

9 

13.3 

1.29 

1.13 

0.83 

A.M. 

Neurological  Disor- 
der: 

Normal  peripheral 

70 

6 

1695 

0 

990 

24 

1 

22 

5 

14.9 

1.41 

1.33 

0.88 

hemogram 

E.R. 

Respiratory  Infec- 
tion: 

Normal  peripheral 

71 

6 

1900 

1 

000 

32 

9 

28 

8 

20.7 

1.73 

1.51 

1.09 

hemogram 

F.A. 

Cirrhosis  of  Liver: 
Normal  peripheral 
hemogram 

62 

3 

1200 

0 

725 

34 

3 

20 

9 

9.8 

2.86 

1.74 

0.82 

G.B. 

Polycythemia  vera 

82 

7 

3955 

0 

845 

47 

8 

39 

0 

26.2 

1.21 

0.99 

0.66 

C.W. 

Polycythemia  vera 

52 

3 

2170 

1 

000 

39 

1 

27 

0 

18.7 

1.80 

1.24 

0.86 

A.G. 

Myeloid  metaplasia 

47 

4 

1250 

0 

316 

28 

8 

19 

3 

12.5 

2.30 

1.54 

1.00 

L.B. 

Myeloid  metaplasia 
(spent  polycythemia 
vera) 

63 

6 

1700 

0 

292 

27 

4 

17 

2 

8.6 

1.61 

1.01 

0.51 

L.L. 

Myeloid  metaplasia 
(spent  polycjthemia 
vera) 

71 

8 

2970 

0 

833 

118 

5 

59 

8 

17.5 

3.99 

2.01 

0.59 

M.A.T. 

Myeloid  metaplasia 

62 

7 

1210 

0 

744 

36 

0 

25 

2 

16.6 

2.97 

2.08 

1.37 

B.R. 

Mj-eloid  metaplasia 

77 

3 

1530 

0 

713 

31 

5 

27 

3 

17.2 

2.06 

1.78 

1.12 

R.M. 

Myeloid  metaplasia 

54 

5 

2155 

0 

599 

138 

5 

130 

2 

44.7 

6.43 

6.04 

2.08 

F.E. 

Hemolj'tic  anemia 

73 

2 

1540 

0 

292 

64 

9 

48 

6 

32.8 

4.21 

3.15 

2.13 

with  hemosidero- 
sis 

Hemolytic  anemia 

C.L. 

76 

8 

1320 

0 

400 

67 

2 

36 

5 

18.4 

5.09 

2.76 

1.39 

A.M. 

Treated   iron  defi- 
ciency anemia 

61 

8 

993 

0 

940 

30 

6 

15 

2 

9.7 

3.08 

1.53 

0.98 

W.O. 

Hemochromatosis 

53 

0 

1760 

0 

678 

38 

7 

22 

5 

13.6 

2.20 

1.28 

0.77 

S.S. 

Aplastic  anemia 

56 

4 

768 

0 

105 

3 

1 

2 

9 

1.4 

0.41 

0.38 

0.19 

*  Red  cell  iron  turnover  and  hemoglobin  renewal  rates  are  the  same  for  all  models  con- 
sidered. 
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of  the  interstitial  fluid  (37,38)  and,  therefore,  of  the  extravascular  labile  pool. 
It  is  probable  that  the  stable  iron  concentration,  and  hence  radioactivity  per 
unit  volume  of  interstitial  fluid  may  vary  with  different  subcompartments.  While 
it  has  been  demonstrated  (8,42)  that  under  appropriate  conditions  a  number  of 
separate  but  related  subcompartments  may  exhibit  the  mathematical  tracer 
behavior  of  a  single  pool,  some  variation,  nevertheless,  may  be  anticipated  in 
tracer  behavior  of  any  individual  subcompartment.  Hence,  the  experimental 
tracer  behavior  in  lymph  should  follow,  at  best,  only  a  general  theoretical  pat- 
tern of  the  second  or  extravascular  labile  pool.  These  predicted  findings,  ex- 
perimentally confirmed,  substantiate  the  hypothesis  that  the  second-pool 
rapidly  interchanging  with  plasma  is  iron  in  interstitial  fluid. 

TABLE  XXVII 


Erythron  maturation  iron  pools:  Calculations 


Subject' 

Red  cell  iron  turnover           t-,.:  ••„„  i„ 

(mg/day;            X     ^^'"""^^11.'""^ '^^  = 
(three-pool  analysis) 

Erythron  maturation 
pool  (mg  iron) 

E.A. 

18.9 

2.00 

37.8 

J.O. 

16.8 

1.25 

21.0 

H.H. 

15.3 

1.65 

25.2 

A.T. 

24.2 

l.IO 

26.6 

S.H. 

13.3 

1.40 

18.6 

A.M. 

14.9 

1.25 

18.6 

F.A. 

9.8 

1.67 

16.4 

C.W. 

18.7 

1.00 

18.7 

A.G. 

12.5 

0.70 

8.7 

R.M. 

44.7 

1.00 

45.0 

C.L. 

18.4 

2.40 

44.0 

A.M. 

9.7 

1.60 

15.5 

W.O. 

13.6 

1.00 

13.6 

S.8. 

1.4 

1.50 

2.1 

*  For  diagnosis  see  Table  XXV. 

t  Estimate  for  time  lag  is  incorrect  when  significant  hemolysis  is  present. 


The  apparent  slow  interchange  of  plasma  transferrin  with  extracellular  fluid 
led  Pollycove  and  Mortimer  (7)  to  conclude  that  the  movement  of  iron  into 
extracellular  fluid  was  also  slow,  amounting  to  but  one  mg  per  day.  Pollyco\  i 
and  Mortimer's  three-pool  model  for  normal  subjects  (7)  is  mathematically 
equivalent  to  model  Ilia  (8,17).  Physiologically,  the  concept  of  the  "labile  ^ 
erythropoietic  pool"  may  correspond  to  the  "third"  or  marrow  iron  transit  pool.  | 
The  interpretation  of  the  second  iron  pool  as  a  "labile  storage  pool,"  (7)  however, 
is  no  longer  feasible  in  view  of  the  demonstration  of  early  and  significant  iron 
interchange  between  plasma  and  intersthial  fluid.  Table  XXIV  gives  the  transfer 
rates  between  these  compartments.  The  rates  are  considerably  larger  than  one 
mg  per  day  for  all  models  considered.  The  quantity  of  interstitial  fluid  iron  vari(  ~ 
with  the  three-pool  model  considered  (Table  XXV)  and  may  be  either  smallci 
or  greater  than  the  corresponding  total  plasma  iron.  For  a  given  subject  thi> 
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variation  in  the  caiculatcHl  interstitial  fluid  iron  may  be  almost  lOO-foid  (patient 
R.M.).  Similar  variations  in  the  size  of  the  second  pool  result  when  the  initial  4 
to  8  hour  plasma  Fe^^  data  are  analyzed  in  terms  of  two-pool  models  (12,14).  At 
present,  there  is  no  direct  method  of  measuring  the  total  iron  content  in  inter- 
stitial fluid.  Since  iron  in  both  plasma  and  interstitial  fluid  is  bound  to  the  same 
protein,  determination  of  the  interstitial  siderophilin  pool  would  afford  a  means 
of  measuring  the  corresponding  iron  content  (assuming  the  iron  saturation  of 
ititerstitial  siderophilin  to  be  known).  Plasma  and  interstitial  fluid  transferrin 
pools  have  been  reported  to  be  approximately  equal  in  size  (43,44).  These  lesults 
were  based  upon  extrapolations  of  plasma  disappearance  cur\'es  and  may  be 
valid  for  some  particular  pool  model  (not  necessarily  the  same  for  each  subject). 
Such  extrapolations,  however,  cannot  be  used  as  a  general  method  for  calculating 
pool  sizes  (Table  XX\').  Katz  (43)  and  Awai  and  Brown  (44)  noted  that  radio- 
iodinated  transferrin  disappears  from  plasma  at  a  slower  rate  than  radioiron. 
These  observations  do  not  imply  any  mechanism  for  the  transfer  of  iron  from 
plasma  to  the  other  compartments  of  the  "preerythropoietic  phase"  of  iron  me- 
tabolism; they  neither  conflrm  nor  reject  the  hypothesis  of  the  initial  three-pool 
system  of  iron  metabolism. 

The  marrow  iron  transit  pool  is  that  compartment  of  the  "preerythropoietic 
phase"  of  iron  metabolism  which  provides  the  iron  destined  for  hemoglobin 
synthesis.  This  pool  cannot  be  defined  either  spatially  or  chemically  from  availa- 
ble radioiron  data.  It  may  overlap  or  even  coincide  anatomically  with  the  "eryth- 
ron  maturation  pool";  it  may  be  a  reservoir  of  iron  which  envelops  and  bathes 
]  the  cells  of  the  erythron  maturation  pool.  Its  size  depends  upon  the  particular 
j  three-pool  model  of  the  preerythropoietic  system  used,  and  ranges  from  33.1 
to  118.9  mg  in  four  normal  subjects  (Table  XXV).  The  amount  of  iron  leaving 
j  this  pool  for  the  erythron  maturation  pool  (red  cell  iron  turnover)  is  identical 
I  in  each  patient  for  the  four  models  considered  (lo,!?). 

The  maximum  fractional  red  cell  Fe^^  uptake,  U,  is  one  of  the  parameters 
1  required  for  the  calculation  of  absolute  iron  transfer  rates  (Table  XXIV),  of  all 
I  iron  pool  sizes  (Tables  XXH',  XX\')  and  of  iron  turnovers  (Tables  XX^^  XXVI) 
(15,17).  In  patients  with  hemolytic  disease  the  observed  ['  is  less  than  the  "true" 
maximum  due  to  the  loss  of  circulating  red  cell  Fc'«  by  random  hemolysis.  The 
true  values  are  not  known,  and  the  obserx  ed  ("s  have  been  used  in  the  calcvila- 
!  tions  of  the  above  tables  thereby  introducing  systematic  errors.  Since  the  true 
uptakes  lie  between  the  obser\-ed  values  and  1.00,  the  extent  of  such  errors  is 
indicated  in  Table  XX\TII  where  red  cell  iron  turnovers  are  calculated  both 
on  the  basis  of  observed  U  and  of  the  maximum  possible  value,  1.00. 

The  "erythron  maturation  pool"  is  defined  as  iron  in  the  hemoglobin  of 
maturing  red  cells  (normally  in  the  marrow)  which  subseciuently  is  released 
into  the  peripheral  blood.  This  pool  can  be  interpreted  as  an  "infinit(>"  series  of 
maturing  heme  containing  cells  comprising  (or  as  irreversible  reactions  charac- 
teristic of)  the  different  stages  of  erythropoiesis,  interposed  between  the  marrow- 
iron  transit  and  the  circulating  red  cell  iron  pools. 

In  iron  kinetic  studies  the  erythron  maturation  pool  manifests  itself  as  a  time 
lag  between  the  disappearance  of  radioiron  from  the  "preerythropoietic  phase" 
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and  its  subsequent  reappearance  in  the  peripheral  blood.  The  values  of  both  the 
time  lag  and  the  size  of  the  erythron  maturation  pool  are  presented  in  Table 
XX\TI.  The  estimated  time  lag  on  14  subjects  averages  1.4  daj's  which  is  in 
good  agreement  with  Pollycove's  and  ^lortimer's  (7)  estimate  of  the  mean  effec- 
tive hemoglobinization  time  of  1.4  da^'s.  The  calculated  iron  content  of  the 
erythron  maturation  pool  ranges  from  2.1  mg  in  aplastic  anemia  to  4o  mg  in  a 
subject  with  myeloid  metaplasia,  and  is  approximately  27. G  mg  in  normal 
subjects.  The  greatest  error  in  calculating  this  pool  size  lies  in  estimating  the 
value  of  the  time  lag;  where  hemolysis  is  present  this  error  may  be  considerable. 
A  more  detailed  discussion  on  the  nature  of  the  marrow  iron  transit  pool  and 
erythron  maturation  pool  is  presented  in  the  third  paper  of  this  series  (13). 


TABLE  XXVIII 

Pool  sizes,  iron  turnovers  and  hemoglobin  renewal  rales:  comparison  of  observed  values 
and  assumed  values  for  red  cell  Fe^^  incorporation  in  patients  with  hemolysis 


Patient 

u 

Qi 

(mg) 

Qi 
(mg) 

Q> 
(mg) 
Ilia  = 

nib 

(mg/day) 

(mg/daj) 
Ulb 

Erytliron 
Matura- 
tion Pool 

(mg) 
Ilia  = 

lUb 

Ilia 

nib 

lUa 

Ulb 

R.M. 

0.60  (observed) 

5.10 

0.98 

9.8 

428 

29.9 

299 

45 

2.1 

45 

0.90  (assumed) 

0.40 

4.0 

479 

7.4 

74 

67 

3.1 

67 

1  (assumed) 

0.21 

2.1 

495 

0 

0 

75 

3.5 

75 

F.E. 

0.29  (observed) 

9.35 

14.3 

74.6 

160 

79.5 

414 

414 

2.1 

66 

0.90  (assumed) 

4.9 

25.4 

249 

9.0 

49 

101 

6.5 

202 

1  (assumed) 

3.6 

18.7 

261 

0 

0 

112 

7.3 

225 

A.G. 

0.32  (observed) 

4.80 

4.2 

15.2 

28.5 

27.0 

98 

12.5 

1.5 

8.7 

0.90  (assumed) 

1.9 

6.8 

43 

4.0 

14.4 

36 

2.8 

25 

1  (assumed) 

1.5 

5.4 

46 

0 

0 

40 

3.6 

28 

Twenty-four  to  forty-eight  hours  after  injection  the  distribution  of  radioiron 
within  the  "preerythropoietic  system"  approaches  an  equilibrium.  The  third 
exponential  function  of  the  approximating  ecjuation  to  plasma  Fe-^^  disappearance 
data  V)ecomes  predominant  in  all  three  component  pools.  The  tracer  behavior 
in  plasma  (Fig.  7),  extravascular  labile  and  marrow  iron  transit  pools  can  now 
be  expressed  as  e~^3'  multiplied  by  a  corresponding  constant.  As  is  the  rate  with 
which  radioactivity  di.sappears  from  the  "preerythropoietic  system"  after  equi- 
librium is  attained,  and  must  not  be  confused  with  the  relative  rate,  ,  in  the 
third  pool.  As  is  the  fraction  of  total  pool  radioactivity'  (or  total  pool  iron)  leav- 
ing the  marrow  iron  transit  pool  (for  plasma,  for  interstitial  fluid  compai-tmeiit 
as  well  as  for  the  eiythron  maturation  jkjoI)  per  unit  time;  A:j  does  not  lake  into 
account  the  radioiron  returned  to  the  third  p<K)l  from  the  other  component 
pools,  and  hence  does  not  describe  the  tracer  behavior  within  the  marrow  iron 
transit  poo]  at  any  time. 
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The  oxpoiiontial  function,  e~^3',  is  characteristic  not  only  of  the  tracer  behavior 
in  the  "preerytliropoietic"  but  also  of  the  ''posterythropoietic"  phase.  Thus, 
the  same  exponential  component  appears  in  the  analysis  (Figs.  12,  27,  28).  This 
systematic  appearance  of  the  same  slope  as  a  predominant  component  of  plasma 
radioiron  clearance,  as  well  as  of  the  radioactivity  over  all  body  sites  and  (with 
a  negative  coefficient)  in  red  cell  Fe^"  uptake  data,  signifies  that  all  iron  tracer 
behavior  is  affected  by  the  same  reduced  three-pool  system.  This  emphasizes 
the  unity  of  the  multiple-pool  approach  to  iron  kinetics,  and  leads  to  the  sche- 
matic representations  of  iron  metabolism  as  shown  in  Figs.  29  and  30  (13).  The 
dynamics  of  absorption  and  excretion  of  iron  and  of  its  utilization  for  enzyme  and 
myoglobin  synthesis  are  not  considered  except  as  general  entry  into  and  exit 
from  the  depicted  system.  Plasma  and  extravascular  labile  iron  pools  are  jointly 
denoted  as  the  "transport  subsystem"  in  accordance  with  their  physiological 
functions.  The  exact  interconnections  between  the  pools  of  the  "preerythio- 
poietic  phase"  of  iron  metabolism  are  not  known,  as  indicated. 

The  "posterythropoietic  phase"  of  iron  metabolism  consists  of  red  cell  and  of 
storage  compartments.  After  a  time  lag  of  up  to  three  days,  reticulocytes  and 
mature  red  cells  are  released  from  the  erythron  maturation  pool  into  the  circulat- 
ing blood  where  they  normally  remain  for  a  finite  period  of  time.  The  process  of 
senescence  of  circulating  red  cells  can  be  considered  as  an  infinite  seciuence  of 
unidirectionally  connected  progressively  aging  cells,  manifesting  itself  as  another 
time  lag  of  100  to  120  days  (Figs.  29,  30).  At  the  end  of  this  process  red  cells 
are  sequestered  within  the  reticulo-endothelial  system.  The  iron  (derived  from 
these  secjuestered  cells)  is  now  within  the  reticulo-endothelial  system  in  an 
"active  storage"  compartment  and  most  of  it  is  returned  (45)  to  the  transport 
subsystem. 

In  normal  subjects  the  red  cell  i-adioiron  uptake  is  about  90^.  This  permits  a 
direct  "inactive  storage"  deposition  of  about  10*^';  of  the  injected  radioiron. 
Normally  "inactive  storage"  iron  in  its  various  forms  and  especially  as  ferritin 
is  not  inert  (7,46,47).  Radioiron  initially  transferred  to  storage  pools  must 
eventually  return,  at  least  in  part,  to  the  transport  subsystem.  Theoretically, 
in  a  steady  state  system,  such  movements  should  manifest  themselves  by  the 
presence  of  a  fourth  exponential  component  (with  a  half-time  of  disappearance 
of  months)  in  the  plasma  Fe^^  disappearance  curve.  This  component,  however, 
cannot  be  detected  at  present  partly  because  radioactivity  in  plasma  approaches 
backgi'ound  levels  after  three  weeks.  In  body  surface  scanning  such  storage 
activity  may  be  completely  obscured  by  overcorrection  for  highly  radioactive 
blood  backgi-ound  and  by  the  limitations  of  the  experimental  conditions.  In 
patient  F.A.  (Fig.  12,  Table  XXVI)  with  a  maximum  red  cell  Fe^"  uptake  of 
73  %,  the  storage  components  over  the  spleen  and  over  the  liver  could  be  detected. 

The  "iron  to  storage"  (Table  XXV)  represents  iron  which  enters  the  storage 
compartments  (active  and  or  inactive)  directly  from  the  transport  subsystem. 
It  does  not  include  iron  deposited  from  effete  red  cells,  or  absorbed  iron  which 
may  be  directly  stored  without  prior  entry  into  the  general  circulation  (48). 
Therefore,  it  does  not  represent  either  total  storage  iron  turnover  or  daily  storage 
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iron  deposition.  For  oxamplo,  in  hcmocliromatosis  iron  from  ^ieIU^s(•ont  red  cells 
msLX  be  a  significant  factor  in  total  storage  iron  accumulation.  7'his  mechanism 
would  not  be  reflected  in  the  "iron  to  storage"  values. 

Metabolic  pools  do  not  necessarily  form  contiguous  compartments;  on  the 
other  hand,  distinct  metabolic  pools  do  not  have  to  be  spatially  separated  from 
each  other.  In  the  case  of  erythrokinetics  such  pools  overlap  anatomically.  Thus, 
plasma  and  red  cell  pools  occupy  approximately  the  same  vascular  spaces.  Ex- 
travascular  labile  pools,  storage  pools,  marrow  iron  transit  and  erythron  matura- 
tion compartmeiUs  overlap  to  various  degrees. 

This  completes  the  description  of  the  metabolism  of  iron  in  terms  of  multiple 
pool  systems  as  derived  from  ferrokinetic  studies.  Such  mathematical  models 
represent  "idealizations"  (simplifications)  of  the  metabolic  processes  considered, 
and  should  not  contradict  the  accepted  basic  concepts  of  physiology'.  Above  all 
such  models  are  useful  only  if  they  elucidate  metabolic  processes  beyond  the 
mere  representations  of  the  experimentally  available  data. 

sr.MMAKV 

1.  From  th(H)relical  and  physiological  considerations  it  has  been  postulated 
that  interstitial  fluid  plays  a  signiflcant  part  in  the  transport  of  iron. 

2.  Experimental  veriflcation  of  the  significance  of  interstitial  fluid  as  an  iron 
compartment  has  been  obtained  from  studies  on  lymph,  various  transudates 
and  edema  fluid  as  representative  of  interstitial  fluid. 

3.  The  individual  signiflcancc  and  interrelationships  of  different  iron  pools 
are  presented. 

4.  After  eciuilibration,  the  tracer  behavior  in  all  pools,  except  storage  pools, 
reflects  the  final  course  of  the  plasma  Fe'^  disappearance  curve. 

5.  From  this  unity  of  tracer  iron  behavior  in  various  pools,  a  mathematical 
model  of  iron  kinetics  has  been  developed. 
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II.  Interpretation  of  Experimental  Data  in  Terms 
of  Multiple  Pool  Systems* 

LENA  SHARXEY,  Ph  D.,  LOUIS  H.  WASSER.MAX,  M.I).,  XORMAX  R.  GEMRTZ, 
M  I).,  LAWREXCE  SCHWARTZ,  M.l).,  RI  VEX  LEVITAX,  M.D.,  ALFREDO 
M.  CARCIA,  M.I).,  DOROTHY  LEAMTT,  B.A.,  asd  DIXA  TEXDLER,  M.S. 

\ew  York,  ,V.  }'. 

Ill  our  studies  of  iron  kinetics,  the  method  of  multiple-pool  analysis  (1,2,  3,  4, 
5,  (),  7)  is  applied  directly  to  the  data  obtained  from  in  vitro  measurements  of 
plasma  Fe^^  disappearance,  red  cell  Fe-^^  uptake,  and  to  the  tissue  localization  of 
the  radioiron  as  determined  by  in  vivo  counting.  The  plasma  Fe^^  disappearance 
data  during  the  six  hours  following  the  intravenous  injection  of  a  tracer  dose  can 
be  approximated  by  a  sum  of  two  exponential  functions,  thus  indicating  an 
initial  rapid  interchange  between  the  plasma  iron  pool  and  a  second  pool  desig- 
nated as  the  extravascular  labile  iron  pool  (1,  2,  5,  6)  (Appendix  A).  Such  a  two- 
pool  system  can  be  represented  by  a  ^■ariety  of  mathematical  models  (3)  (Fig.  1). 
A  convenient  way  of  classifj'ing  these  models  is  by  means  of  the  modes  of  exit 
and  entry  of  the  stable  isotope  from  and  into  the  two  pools  comprising  the 
system.  Four  of  the  sixteen  representative  models  (3)  (Fig.  1)  considered  may 
be  eliminated  as  working  hypotheses  because  they  lead  to  physiologically  un- 
tenable hemoglobin  renewal  rates  in  normal  subjects  (1).  Attempts  to  eliminate 
some  of  the  other  two-pool  models  by  considering  the  calculated  sizes  of  the 
corresponding  extravascular  labile  pools,  have  been  unsuccessful,  mainly  because 
of  lack  of  independent  information  about  the  iron  content  of  the  extravascular 
labile  compartment. 

To  obtain  further  insight  into  the  dynamics  of  iron  metabolism,  serial  in  vivo 
observations  were  performed  over  different  parts  of  the  body.  The  early  studies 
were  based  on  two-pool  anah^sis  and  emphasized,  arbitrarily,  splenic  in  vWo  data. 
Subsequent  studies  were  based  on  three-pool  analysis  and  on  simultaneous  in 
vivo  observations  over  spleen,  liver  and  bone  marrow  (sacral  area). 

The  in  vivo  counter  in  a  given  position  o\  er  a  specific  region  sees  and  registers 
the  radioactivity  derived  from  several  distinct  sources  (Fig.  2).  One  such  source 
is  the  Fe^^  in  the  circulating  blood,  which  may  be  called  the  blood  background. 
During  the  first  few  hours  after  the  injection,  all  such  activity  is  contained  in 
plasma  and  hence  is  proportional  to  the  specific  activity  of  the  plasma  pool. 
After  a  few  days  it  is  almost  exclusively  due  to  the  iron  incorporated  in  the 
newly  formed  red  cells.  The  second  source,  which  is  the  radioactivity  in  the 

From  the  Department  of  Hematology  and  the  Andre  Meyer  Department  of  Physics.  The 
Mount  Sinai  Hospital,  X'ew  V(jrk,  X'.Y. 
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Institute  of  Arthritis  and  Metabolic  Diseases,  and  by  the  Albert  A.  List,  Frederick  Machlin 
and  Anna  Ruth  Lowenberg  Research  Funds. 
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extrinascular  lal)il(>  pool,  is  tiaiisiont,  and  is  si<i;iiificaiit  only  during  the  first 
twolvo  hours  of  obscrAation.  A  third  soiucc  is  derived  from  erythropoiesis,* 
(which  may  be  in  adjacent  erythropoietic  sites).  The  fourth  source  may  be 
referred  to  as  the  iron  stores,  and  tlu>  fiftli  souice  consists  of  scattered  radiation. 


MODE  OF  ENTRY 
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Such  sources  as  myoglobin,  cytochroiue,  and  other  enzymes  are  prol)ably  of 
negligil)le  .significance  in  this  context. 

Immediately  following  tlie  injection  of  a  tracer  dose  of  I'e-''',  the  cotmter 
regi.sters  circulating  blood  activity  only,  i.e.,  })lood  back^rouiui ;  the  correction 
for  blood  background  at  any  subseciuent  time  can  be  obtained  by  extrapolating 
both  the  gross  in  vivo  cotmts  over  a  gixcn  area  and  tlic  whole  l)Io()(l  in  \itro 


The  marrow  iron  t  ran.sit  pool  and  I  lie  < 


at  ion  i)ool  (o,  (i;. 
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counts  to  zero  time,  and  then  multiplying  the  rcsultiufi;  ratio  by  the  correspond- 
ing whole  blood  counts  (8)  (Fig.  3).  This  correction  is  \alid  for  the  first  few 
hours  of  the  experiment  and  is  adequate  on  subsequent  days  when  the  ''periph- 
eral venous"  and  "local"  hematocrits  do  not  diffci-  siiiiiificantly,  i.e.,  when  the 
changes  in  the  radioactivity  (either  in  plasma  oi-  in  red  cell  mass)  of  the  periph- 
eral venous  whole  blood  reflect  the  corresponding  changes  in  the  in  \  i\  ()  activity 
of  the  circulating  component  (see  below).  In  some  patients  where  the  body 
hematocrit  is  considerably  lower  than  the  peripheral  venous  hematocrit,  the 
above  correction  may  be  excessive  after  the  first  day,  and  a  smaller  ratio  may 
have  to  be  used  at  such  times  to  a\ok\  n(>gati\  e  results  (o,  7).  In  patients  with 
marked  splenomegaly,  accompanied  l)y  freciuent  changes  in  spleen  size,  addi- 


FiG.  2.  The  in  vivn  counter  detects  radinact i vil y  derived  from  several  distinct  sources 
hut  cannot  dirteientiatp  between  the  various  orifjins  of  radiation,  and  registers  all  activity 
as  a  single  set  of  I'vcnts. 

The  hve  distinct  sources  of  Fe^'  radioactivity  detected  over  the  splenic  site  are: 

1)  The  circulatiuf;  hlood  (or  blood  background); 

2)  The  extra  vascular  labile  pool; 

.3)  The  er>  throp(]ictic  areasisuch  as  Fe^'  in  adjacent  bone  marrow); 

4)  The  stores; 

5)  Radiation  due  to  scattering  (not  illustrated). 

tional  difficulties  arise  due  to  accompanying  changes  in  the  distribution  of  the 
red  cell  mass  and  in  a.ssociated  variations  in  the  ratio  of  peripheral  ^■enous  to 
total  body  hematocrits. 

The  in  vivo  Fe"^^  counts  during  the  first  few  hours  of  the  experiment  (after 
correction  for  the  blood  radioactivity)  can  be  separated  into  an  extra\ascular 
labile  component,  and  into  a  combination  of  erythropoietic  and  storage  compo- 
nents (tissue  component).  Such  a  decontposition  which  is  applicable  to  all  four 
groups  of  models  presupposes  knowledge  of  what  fraction  of  the  acti^•ity  leaves 
the  system  through  each  of  the  two  initial  pools  (plasma  and  extra\ascular 
labile  pool),  respectively  (see  Appendix  B).  Thus,  the  acti\-ity  due  to  the  calcu- 
lated extravascular  labile  component  is  different  for  each  assumed  mode  of  exit, 
that  is,  for  each  of  the  four  groups  of  models  (Appendices  A  and  B).  Fig.  4 
shows  decomposition  of  the  experimental  in  vivo  data  (after  correction  for  blood 
background),  into  the  extravascular  and  tissue  components  calculated  for  the 
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mode  of  exit  of  iron  thiougli  either  only  the  first  or  the  second  pool  respectively 
(groups  I  and  II),  and  demonstrates  how  the  two  extra\ascular  components 
differ  from  each  other  by  a  constant  factor  (constant  ordinate  distance  on  semi- 
logarithmic  paper)  (see  helow).  Th(>se  decompositions  have  been  done  for  data 


CORRECTION  OF^^^N  VIVO  COUNTS  FOR  BLOOD  BACKGROUND 
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Fig.  3.  Illustration  of  the  method  used  in  correeting  the  gross  in  vivo  counting  rates 
over  various  body  sites  (curve  A)  for  the  corresponding  l)h)od  background.  The  correction 
curve  C  is  obtained  by  multiplying  tiie  values  of  the  ordinate.s  of  curve  B  (counting  rates/ml 
of  whole  blood  at  time  /)  by  the  ratio 

^      gro.ss  in  vivo  counting  rate  for  organ  studied,  e.xtrapolated  to  zero  time 
whole  blood  in  vitro  counting  rate,  extrapolated  to  zero  time 

The  heavy  upper  graph  D  represents  the  corrected  in  vivo  counting  rates  (multiplied  by  a 
factor  of  10),  which  fiave  been  obtained  by  subtracting  the  calculated  corrections  C  from 
the  corresponding  gross  in  vivo  counting  rates  .4. 


obtained  over  li\('r,  spleen,  sacrum,  knee,  tliigh  and  calf  of  various  patients 
and  the  extravascular  component  has  been  found  iniiversally  (for  all  extreme 
models  (Appendix  A)j.  The  observation  of  the  universal  distribution  of  the 
extravascular  labile  pool  suggests  its  identification  with  iron  in  the  interstitial 
fluid  (."),  0,  9j.  It  should  be  noted  that  the  theoretical  tracer  behavior  values  in 
the  second  pool  as  calculated  on  the  basis  of  an  initial  two-pool  system,  do  not 
differ  significantly  from  approximations  based  upon  an  initial  three-pool  system. 
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during  th(>  first  four  to  six  hours  of  ol)S(>rvatioiis  (i.e.,  as  long  as  the  two  appioxi- 
niations  to  the  experimental  plasma  data  are  etjually  satisfactory,  which  is 
usually  true  during  the  first  six  hours)  (Figs,  o  and  7  in  ref.  5  and  Table  I  in 
ref.  7). 

The  amount  of  radioactivity  in  the  extravascular  labile  pool,  as  .seen  V)y  the 
counter,  can  be  expi-essed  for  any  gi\  en  model  as  a  fraction  of  the  initial  in  \  i\  o 
blood  Fe""^  background.  For  con\eniencc  this  fraction  will  be  refen-ed  to  as 
"observed  normalized  in  vivo  counts"  due  to  the  extravascular  labile  pool. 
(This  fraction  will  be  different  for  each  of  the  four  model-groups  considered.) 
This  must  be  distinguished  from  the  "calculated  normalized  in  \  ivo  counts" 

TAHLE  I 

Nalios  of  Maximiiiii  "Observed"  to  "Calculated"  *  in  vivo 
Activity  due  to  the  Extravascular  Labile  Pool 
 Note  (our  extreme  values  (boldface)  


Model  Group 
Assumed 

Spleen 

Area 

Adjacent  Ends  of 
Tibia  and  Femur 

Calf 

I 

1.2 
1.7 
1.1 

1.6 
.9 
1.3 

7.7 

.9 
.9 

1.2 
.9 
1.1 

1.0 
1.2 
1.7 

2.5 
.9 
3.3 

1.7 
1.5 
1.1 

1.4 
.7 
2.1 

1.6 
1.2 
.8 

4.6 

.9 
.7 
.7 

1.5 
.9 
4.7 

1.7 
1.7 
.5 

1.1 
.8 
1.2 

II 

.9 
1.4 
1.3 

1.3 
1.4 
.8 

.7 
1.0 
.7 

1.0 
.8 
.9 

.6 
1.0 
1.3 

1.9 
1.5 
2.0 

1.5 
2.1 
2.4 

1.2 
.5 
1.7 

1.8 
1.1 
1.6 

.6 

1.8 
.6 
.4 

.8 
1.0 
1.0 

1.4 
1.8 
.7 

.5 
.4 
.9 

III 

1.2 
1.6 
1.1 

1.5 
.7 
1.2 

2.6 
1.0 
.9 

1.3 
.7 
1.0 

1.0 
1.0 
1.7 

2.5 
.9 
3.3 

1.5 
2.1 
2.4 

1.4 
.6 
1.9 

1.7 
1.1 
1.2 

1.1 

.9 
.7 
.6 

1.5 
.9 
1.8 

1.7 
1.7 
.6 

.0 
.8 
.2 

IV 

1.0 
1.5 
1.3 

1.4 
.8 

.8 

.8 
1.0 
.7 

.9 
.7 
.9 

.6 
1.0 
1.3 

1.9 
1.5 
2.0 

1.5 
2.1 
2.4 

1.2 
.5 
1.8 

1.8 
1.2 
1.5 

.8 

1.8 
.7 
.4 

.8 
1.0 
1.1 

1.4 
1.8 

.6 

.5 
.4 
.9 

*  See  text  for  the  definition  of  "observed"  and  "calculated." 


which  represent  the  acti\  ity  in  the  total  extra\ascular  pool  calculated  for  each 
respective  model-group  directly  from  plasma  I''e'^''  disappearance  data,  and 
divided  by  the  total  initial  blood  radioactivity  which  eciuals  the  total  initial 
dose  administered.  If  the  ohserved  and  the  calculated  normalized  in  vivo  counts 
are  equal,  thi.s  implies  that  the  same  fraction  of  the  total  plasma  and  of  the  total 
extravascular  pool  is  seen  by  the  counter.  Therefore,  if  we  assume  that  the  de- 
composition of  the  early  counts  over  the  splenic  (or  other  considered)  area  into 
its  plasma,  extravascular,  and  tissue  components  is  representative  of  the  total 
relative  activities  in  the  respective  pools,  the  ratio  of  the  maximum  "observed" 
to  "calculated"  normalized  in  vivo  counts  due  to  the  extravascular  labile  pool 
should  be-  approximately  etjual  to  one.  Fig.  ")  depicts  the  four  different  groups 
of  models  utilized  in  this  analy.sis  (.see  Appendix  B).  Numerical  values  of  this 
ratio  were  calculated  on  the  basis  of  two-pool  analysis  for  each  of  these  model 
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groups  for  30  experimental  subjects  (Table  I).  Three  of  the  four  extreme  vakies 
of  the  ratio  (7.7,  4.")  and  4.7)  which  are  inconsistent  with  the  above  assumption 
of  iron  pool  distribution  fall  into  the  first  group  of  models.  If  this  assumption 
is  correct  then  models  of  group  I  ma>-  lie  iinalid.  The  ratios  for  other  model 
groups,  on  these  subjects,  were  much  closer  to  one.  (Xote  that  now  eight  two- 
pool  models,  namely  la,  lb,  Ic,  Id,  lib,  lid,  I\'b  and  l\'d  may  be  invalid). 


GROUP  I 


,  GROUP  U 


Erythropoiesis 
and  Storage 


Tissue  Component 


Tissue  Component 


Tissue  Component 


GROUP  III 


Tissue  Component 


GROUP  IV 


1  of  four  groujjs  of  models  of  a  two-pool  system,  diff'er- 

l"  ",1; 


Fig.  5.  Schematic  represent;: 
entiated  by  the  mode  of  exit  nl 
Group  I:  all  iron  leaves  plas 
Group  II:  all  iron  leaves  cxi  i  a  vascular  labile  \hhA; 

Group  III:  iron  used  for  iniiiicdiate  hemofflobin  synthesis  leaves  plasma  pool,  iron  going 
to  stores  leaves  extravaseular  labile  pool; 

Group  IV:  iron  going  to  stmes  leaves  ])lasnia  ])ool,  iron  used  for  immediate  hemoglobin 
synthesis  leaves  extravaseular  labile  pool. 


In  vivo  radioiron  studies  o\'er  prolonged  periods  of  time  give  further  informa- 
tion about  the  intermediary  pathways  of  iron.  The  corrected  in  vivo  data  on 
patients  with  high  red  cell  uptake  usually  can  be  approximated  after  a  time  lag 
of  one-half  to  three  days  by  a  single  exponential  function.  Surface  radioactivity 
nteasurements  o\-er  both  the  splenic  and  knee  areas  of  a  hematologically  normal 
subject  with  95%  red  cell  uptake  are  given  in  Fig.  6.  The  disappearance  rates 
over  both  sites  are  approximately  the  same,  thus  suggesting  essentially  a  single 
major  source  of  radioactivity.  Such  an  in  vivo  disappearance  rate  is  closely 
reflected  in  the  uptake  of  Fe^^  in  the  red  blood  cells  (Fig.  7).  This  uptake,  after 
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a  time  lag  comparable  to  the  in  vivo  time  lag,  can  be  approximated  by  a  con- 
stant, which  is  equal  to  the  maximum  uptake,  multiplied  by  one  minus  an 
exponential  function  whose  half  time  of  disappearance  is  about  the  same  as  that 
of  the  exponential  component  of  the  in  vivo  radioactivity.  Figs.  8  and  9  repre- 
sent similar  data  on  two  subjects  with  reduced  red  cell  uptakes.  The  in  vivo 

IN  VIVO  RADIOACTIVITY  OVER   SPLENIC  AND  KNEE  AREAS 
IN  A  NORMAL  SUBJECT  WITH  95%  RED  CELL  UPTAKE 
( Counts  Corrected  for  Blood  Background) 


5 


100       200       3C0        j  ?  4  6  e  (0 


l:me  tn  Mmules  (Day  H  '''""e  Days 

Fig.  G.  Net  in  vivo  radioactivity  (oorrected  for  blood  bat-kgroundj  over  the  splenic 
area  and  over  the  knee  of  a  normal  subject  with  95'^  ',  red  ceil  uptake. 

The  identical  slopes  (7*1/2  =  2.3  daysj  of  the  Fe"  in  vivf)  disappearance  curves  (after  a 
time  delaj'  of  about  two  days)  indicate  essentially  the  same  relative  iron  turnover  rates 
in  the  two  areas. 

counts  over  spleen  and  liver  sites  can  be  decomposed  into  two  di.stinct  compo- 
nents: a  constant,  which  may  be  attributed  to  storage,  and  a  single  exponential 
function.  In  Figure  i)  the  plasma  di.sappearance  data  are  approximated  by  a  sum 
of  three  exponential  functions.  The  third  exponential  function,  ce-^'',  becomes 
predominant  after  the  second  or  third  day  in  plasma  as  well  as  in  the  other 
compartments  of  the  preerythropoietic  phase  of  iron  metabolism  (3,  4,  5,  6). 
Tliis  third  plasma  e.xponential  function  is  approximately  the  same  as  the  exponen- 
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tial  components  of  the  in  \  ivo  data.  The  consistent  appearance  of  the  same 
exponential  function  in  in  vivo  data,  in  red  cell  uptake  and  in  the  dominant 
component  of  later  plasma  radioiron  data  suggests  a  link  among  these  aspects 
of  iron  metabolism.  This  interrelation  forms  a  basis  for  the  formulation  of  the 
general  models  of  iron  metabolism  (5,  (i). 


TIME  (MINUTES)  TIME  (DAYS) 

Fig.  9.  Subject  F.A.  (Cirrhosis  of  Liver):  E.xperimental  Fe=^  plasma  disappearance,  red 
cell  uptake  and  surface  radioactivity  data. 

The  plasma  Fe'^  data  are  shown  decomposed  into  a  sum  of  three  exponential  functions. 
The  body  surface  radioactivity  over  the  liver  and  spleen  sites  are  decomposed  into  a  con- 
stant shown  as  a  liorizontal  line,  k,  and  into  an  exponential  component.  Over  the  marrow 
onl\'  an  exponential  component  is  i^resent. 

It  is  apparent  that  the  analysis  of  the  metabolic  behavior  of  Fe^**  beyond  the 
first  six  hours  cannot  be  limited  to  the  assumption  of  an  initial  two-pool  system. 
A  more  comprehensive  model  of  iron  kinetics  is  required  to  interpret  adequately 
the  extended  (3  days  and  longer)  Fe-^^  data  (2,  5,  G,  7,  10).  When  hemolysis  is 
present,  radioiron  from  the  hemolyzed  red  cells  is  recycled  through  tissue,  plasma 
and  red  cells.  The  resulting  Fe"  data  may  not  be  amenable  to  the  above  two- 
or  three-pool  analysis.  Further  refinements,  then,  may  be  necessary. 

The  experimental  results  discussed  in  this  paper  together  with  the  decom- 
position into  three  components  of  the  extended  plasma  Fe"^  disappearance  data, 
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serve  as  a  basis  for  the  formulation  of  a  multiple-pool  model  of  normal  iron 
kinetics.  Insofar  as  most  of  the  data  considered  permit  several  interpretations 
(for  instance  the  multiphcity  of  modes  of  exit  and  entry  of  the  initial  pool  sys 
tems)  the  resulting  model  will  not  be  unique.  The  number  of  such  alternatiM 
models  can,  however,  be  reduced  by  introducing  certain  clinical,  as  well  as  purel\ 
physiological  considerations.  It  is  the  subject  of  the  other  papers  of  this  serii- 
(3,  4,  o,  6,  7),  to  develop  such  models  and  to  demonstrate  the  methods  of  calcula 
tion  of  the  respective  pool  constants  and  physiological  parameters. 

SrMMAHV 

Analysis  of  experimental  ferrokinctic  data  suggesting  an  interrelationshiii 
among  radioiron  behavior  as  detected  in  plasma  disappearance,  red  cell  uptakt 
and  body  surface  scamiing  is  presented. 


Fig.  10.  Schematic  representation  of  a  general  reduced  two-pool  system. 

Qi  designates  both  the      pool  and  the  amount  of  metabolite  in  the  pool. 

qi  represents  the  amount  of  radioisotope  in  tho  pool. 

ki  is  the  relative  rate;  i.e.,  the  fraction  of  tho  tmal  nu  t alxilite  (or  of  the  radioisot<i|M 
in  the       pool  which  leaves  the       jiool  per  unit  linu'. 

Aji  is  the  interchange  constant  which  is  defined  a.s  that  fraction  of  the  total  suhstaiK  i 
leaving  the  pool,  which  leaves  the  pool  for  the  j"'  pool.  In  particular  -loi  is  sudi 
fraction  leaving  the  system  as  a  whole,  e,  represents  the  fraction  of  the  initial  radioac 
tivity.  f/,.,  ,  which  eventually  leaves  the  .system  via  the  pool  Qi  . 

.VPPEXUIX  A 

This  paper  concerns  itself  primarilj^  with  the  analysis  of  experimental  in  \  i\  o 
scanning  data  o\'er  various  body  sites.  Such  data  reflect  the  tracer  beha\  ior  in 
plasma  both  during  the  first  6  to  8  hours  of  the  experiment  and  after  2  to  3  day- 
The  plasma  Fe^^  disappearance  data  for  two  and  more  days  can  be  best  approx 
mated  by  a  sum  of  three  exponential  functions  (Fig.  7  and  Table  I  in  ref .  "i 
corresponding  to  a  three-pool  preerj-thropoietic  system.  The  general  assumption- 
(such  as  instantaneous  mixing)  underlj'ing  multiple-pool  systems  and  method.^ 
for  calculating  the  constants  for  one-,  two-  and  three-pool  models  are  discussed 
in  ref.  3,  4  and  5,  and  are  mnnerically  illustrated  for  several  three-pool  system- 
in  ref.  7. 

The  plasma  Fe^^  disappearance  data  for  the  first  4-8  hours  can  usually  1)' 
equally  well  approximated  by  a  sum  of  either  three  or  two  (Fig.  o  and  7,  and 
Table  I  in  ref.  o)  exponential  functions.  In  general  a  sum  of  two  exponential 
functions  corresponds  to  a  two-pool  system  (Figs.  10  and  1 1).  In  iron  metal)()lisni 
the  two-pool  preerythropoictic  system  (I'ig.  12)  consists  of  the  plasma  iion  and 
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the  exti-a\-ascular  labile  iron  pools.  The  pool  constants  (such  as  Qi  and  transfer 
rates)  cannot  be  dcteriuined  from  the  approxiinatin<2;  ecjuation  qi  =  aic~'"'  + 
226"^''  and  plasma  iron,  Qi ,  alone.  Two  additional  conditions  or  constraints 
must  be  imposed  upon  the  .system  (2,  3).  This  can  be  don(>  in  terms  of  the  modes 
of  exit  and  entry. 

Figure  1  represents  sixteen  such  extreme  models.  The  plasma  Fe^"  disappear- 
ance data  on  subject  S.  H.  (o)  can  be  analyzed  in  terms  of  the  above  sixteen 


'2 


E|  =  Ao,k,Q|  E2=Ao2k2Q2 


Fk;.  11.  Schematic  represoiitat ion  of  a  general  reduced  two-pool  sj'stem.  Here  the  ac- 
tual aindvmts  "f  the  inctaholite  transferred  from  one  pool  to  another,  or  leaving  the  .'Sys- 
tem as  :i  whnlc.  arr  imlicatod  liy  annotatod  arniw.s  (For  the  exact  meaning  of  t he  nolatinn 
see  h'gend  of  Fig.  IDi.  l-dr  instance  .1  ji /.'i  (^i  is  the  amount  of  metabolite  transferred  from 
the  i)ool  to  pool  (J:  per  unit  time.  S,  and  E,  are  the  amounts  of  the  metabolite  which 
enter  and  leave  the  system  as  a  whole  per  uint  time  through  the  r""  pool  Q,. 


E,  E2 

models  as  follows  (3) : 

here  qo  =  4050  +  700  =  4750  and  the  normalized  equation  becomes 
qi'q,  =  0.853e-o-«o856(  +  0.147e-o-°"274(^ 

;  and 

fll  =  0.853 

■  flo  =  0.147 

Xi  =  0.00850 

"  Xo  =  0.00274. 

li 

i  Following  the  scheme  given  in  ref.  3  we  can  solve  for  Ai ,  k-2  and  ^4io.4oi  as  follows: 
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Ai  +      =  A,  +  X..  =  0.01130 

ki  -  A-o  =  {oi  -  a,)(Xi  -  A,)  =  (0.70(5) (0.00.")82)  =  0.00411 

.-.  Ai  =  0.00770 

A-.  =  0.003(50 

X.X.  _  ().0()()0234544  _ 
(1  -  .4..>.4.n)  -        -  0^0000277^  " 

and  finally, 

Ai,An  =  0.1 .");«). 

In  addition,  the  niaxininni  KHC"  uptake,  (',  and  plasma  iion,  Qi  ,  on  patient 
S.  H.  are 

u  =  0.7r)9  (75.9%) 
Qi  =  2.51  nig. 

Substituting  these  values  directly  into  Table  IX  of  rcf.  3  we  get  Table  II. 
APPENDIX  B 

The  gross  in  vivo  counting  rate  over  the  splenic  or  other  sites  during  the  first 
few  hours  of  an  experiment  is  due  (1)  to  the  circulating  blood  activity  which 
is  proportional  to  the  activity  in  the  plasma  iron  pool,  (2)  to  the  activity  in  the 
extravascular  labile  pool,  and  (3)  to  the  activity  in  the  tissue  component.  The 
gross  counting  rate  can  be  corrected  for  the  circulating  activity  (or  blood  back- 
ground) as  described  in  the  text.  It  then  remains  to  decompose  the  corrected 
in  vivo  curve  into  its  components:  one  proportional  to  the  simultaneous  activity 
in  the  extravascular  labile  pool,  i.e.,  to  qo(t)  =  ryoc(e~^''  —  e~^'')  (3),  the  other 
proportional  to  the  accumulating  activity  in  the  tissue  component.  (Such  a 
decomposition  presupposed  anatomically  similar  localizations  (as  detected  by 
the  probe)  of  erythropoietic  and  storage  pools.)  Activitj'  in  the  tis.sue  component 
depends  upon  the  mode  of  exit  of  the  initial  two-pool  sy.stem:  the  accumulated 
activity,  q{T.('.;t)*,  in  the  tissue  component  (assuming  no  significant  loss  from 
this  pool  during  the  first  six  hours)  is  given  by  the  equation 

q(T.r.;t)  =  -^oiA-i  ^  qi(  t  )rlt  +  AoJc-i  f^^  qi(t)dt 

q'T/'.-t)  =  AJciqnj^^   (rj^'^'''  +  a:^'~^-' )(U  +  Ao^hqo  J^^  c( e~^"-'  -  e~^'' )flt  ov 

,rrf,  4    1      QiXs  +  02X1  f,  01X2         ~x,<  02X1 

q(  T.C.;l)  =  AJciq,,  —  —    I  -  —  ;          e  — ■   e  ■ 

Xi  —  Xo    L       ai^2  +  a^Xi  01X2  +  02X1  J 

c(Xi  —  X2)  r,   ,       X2       -x,(  Xi  -uil 

(Hence  the  corrected  in  vivo  data  over  an  initial  period  of  (>-8  hours  consist 
*  (j(T.f'.;t}  =  Total  cumrnulativp  activity  at  time  t. 
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of  Liq-iiO  +  L-i<i{T.(\;0,  (wIktc  Li  and  arc  constants)  and  can  he  expressed 
in  terms  of  a  constant  and  two  exponential  functions  c^^''  and  c~^'-'  witli  con- 
stant coefficients.) 

When  all  exit  is  through  pool  I,  i.e.,  plasma  (corresponding  to  models  of  group 
I),  Ao')  =  0  and  q{T.C.;t)  is  proportional  to  the  first  term  on  the  right  of  the 
above  equation.  When  all  exit  is  through  pool  II,  i.e.,  extravascular  labile  pool 
(models  of  group  II),  q(T.C.;t)  is  proportional  to  the  second  term.  If  a  given 
corrected  in  vivo  curve  can  be  decomposed  into  an  extravascular  labile  compo- 
nent Liq->{t),  and  a  component  q{T.C.;t),  based  on  the  assumption  of  the  first 
group  of  models  (all  exit  through  plasma),  it  can  also  be  similarly  analyzed  for 
all  other  pool  models.  To  pro\'e  this  it  suffices  to  show  that  the  two  quantities 
in  brackets  (of  the  above  equation)  differ  from  each  other  by  an  amount  propor- 
tional to  the  activity  in  the  extravascular  pool:* 


[i  ^  e-'"  -   ^  f-'^'l  -  [l  +  e"''' 

L       01X2  +  a-iM  0.1X2  +  02X1       J      L       Xi  —  X2 

[aAi  _j_  X2  "1  ^-Xi(  _|_  r_  02X1  _^  Xi  "I 
01X2  +  02X1      Xi  —  X2J  L    «iX2  +  02X1      Xi  —  X2J 

02X1X2   +    (11X1X2  r    -X.,t  -X,h 

-[e       -  e  'J 


(01X2  +  OoXi  )  (Xi  —  X2) 

 XA2  

(01X2  +  02X1)  (Xi  -  X2) 


\e   -   -  e    '  ]■ 


Therefore,  if  the  fraction  of  the  total  acti\'ity  which  leaves  through  either  of 
the  two  pools  (Fig.  1),  is  known,  the  in  vivo  counts  due  to  the  extravascular  pool 
or  to  the  tissue  pool  respectively,  can  be  calculated  for  each  of  the  sixteen  models, 
or  rather  each  of  the  four  groups  of  models  assumed. 

*  For,  assume  that  tlio  correctcci  in  vivo  data  are  dpcomposed  into  two  components 
L\iq-i{l)  and  L^q  id' .  :h .  where  qj{T. <'.;!)  corresijond.s  to  the  "tissue  pool"  for  models 
of  group  I,  and  therefore  cimsists  nf  only  the  first  term  of  tiie  general  equation  for  q  {T.C.;t). 
Then  for  any  other  pool  model  }',  the  ratio  of  the  cumulative  activities 


E{Y) 


Aoi{Y)hqo  /  qidt 


Jo 


can  be  calculated,  and  L-iiq  i(T  X' .  ;l )  can  be  changed  into  L^yq  y(T.C.;t)  by  subtracting  an 
appropriate  constant  M  times  the  difference  of  the  two  brackets  ([  ]i  —  [  ]■_■)  of  the 
general  e.xpression  for  qT. ('.;!).  The  linear  combination  L\iqi(t)  -f  L-2iq /(T .C.;t) 
becomes  now  Luq^iU)  +  L-uqi(T.C.;t)  -  M  (\  ],  -  [  l,j  +  M  ([  ],  -  [  ].,)  =  L,  1-521- 
(0  +  L,Yqy{T.C.;t). 
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It  is  convenient  to  express  tlie  in  vWo  countiuf;-  iat(>  o\  vv  a  gWen  area,  due 
to  either  extravascular  or  to  tissue  component,  as  a  fraction  of  the  circulating 
activity  over  the  same  area  extrapolated  to  zero  time.  Thus  expressed,  the 
activity  is  independent  of  the  amount  of  radioisotope  injected.  The  ^•alues  in 
Table  I  are  the  ratios  of  the  in  vivo  activity  at  a  given  time  due  to  the  extra- 
vascular  component  expressed  as  a  fraction  of  the  extrapolated  initial  activity, 
divided  by  the  corresponding  calculated  total  activity  injected  into  the  plasma. 
The  actual  calculations  in  each  case  refer  to  the  maximum  activity  in  the  extra- 
vascular  pool. 

This  time  of  maximum  activity  can  be  obtained  by  differentiating  qo{t)  = 
c{e~^''  —  €~^'')  with  respect  to  /  and  setting  equal  to  zero: 

c(-Xoe-^'  +  Xie-'^'O  =  0 

log,  \-2  —  Xq/  =  logf  Xi  —  Xit 

.    ,  _  loge  Xi  -  loge  Xa 
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III.  Formula  lion  of  the  jModeLs  of  Iron  IVIetabolisni* 

XOKMAX  H.  CIEVIRTZ.  ALT).,  LENA  SHAHXEY,  Ph.D.,  LOUIS  H.  WASSEHMAN, 
M.D..  LAWRENCE  SCHWARTZ,  M.I).,  RU\EN  LEVITAN,  M.D. 
AND  DINA  TENDLER,  M.S. 

Xerv  York,  X.  Y. 

Ill  studying  the  kinetics  of  iron  nietaholisni,  it  is  desirable  to  formulate  mathe- 
matical analogues  or  models  of  the  dynamic  proc(>sses  under  consideration.  The 
characteristics  of  such  models  are  of  necessity  determined  l)v  tlie  type  of  experi- 
mental data  available  (in  this  case  isotopic  tracer  data),  as  well  as  l)y  the  particu- 
lar orientation  of  the  investigation.  In  iron  mctaliolism  the  l)ulk  of  iion  in  a 
normal  individual  is  derived  from  exogenous  .sources,  and  intestinal  absorption 
of  iron  may  appear  to  be  a  logical  starting  point  for  the  fornuUation  of  models 
describing  dynamic  processes  of  iron  distribution.  However,  analogues  which 
are  based  upon  plasma  Fe''"  disappearance  data  are  intimately  concerned  with 
the  iron  pathways  emanating  from  plasma  to  red  cells,  to  storage,  etc.,  and, 
therefore,  plasma  is  used  as  the  focal  point  for  the  models  of  iron  metabolism. 

Initially  a  single  exponential  function  g{t)  =  q(,e~'"  f  was  found  to  give  an 
adecjuate  approximation  to  the  plasma  Fe=^  disappearance  data  both  in  normal 
subjects  and  in  patients  having  \  arious  hematological  disorders.  Such  an  approxi- 
mation implies  a  single  plasma  iron  pool  Q  (Fig.  1)  (4)  with  iron  leaving  and 
entering  at  a  constant  absolute  rate  kQ  per  unit  time.  A  constant  fraction  U  of 
kQ  is  utilized  directly  for  hemoglobin  synthesis  and  the  remaining  fraction  1  —  U 
goes  to  iron  stores.  As  a  clinical  tool  this  simple  one-pool  model  may  be  useful 
for  diagnostic  purposes.  The  half-time  of  plasma  Fe^^  disappearance  (Ti  o  = 
0.693  A-)  is  obtained  from  the  approximating  etiuation  q{t)  =  qoC^'''  (Fig.  2),  or 
directly  from  its  straight-line  graph  on  semi-logarithmic  paper.  The  various 
blood  disorders  may  then  be  grouped  according  to  the  numerical  values  of  the 
corresponding  half-times  of  Fe^'  disappearance  from  plasma  (Fig.  3)  (4,  5).  When 
total  plasma  iron,  maximum  red  cell  uptake  of  Fe''''  and  red  cell  mass  are  known, 
it  is  possible  to  calculate  the  plasma  iron  turnover,  red  cell  iron  tui-noA-er,  and 
rate  of  renewal  of  hemoglobin,  on  the  basis  of  this  one-pool  concept  (4). 

As  mentioned  above,  in  formulating  models  or  analogues  of  physiological 
processes,  special  attention  must  be  gi\-en  to  the  type  of  experimental  data 
available  for  mathematical  anah'sis.  Linear  combinations  of  exponential  functions 
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The  Mount  Sinai  Hospital  New  York,  N.Y. 
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t  For  definitions  and  iintatinns  used  in  liiis  p;i|)er  see  "Studies  in  Iron  Kinetics:  I," 
(1)  and  "Multiple  Pool  Analysis  in  Tracer  Studies  of  Metabolic  Kinetics:  I  and  H"  (2,  3). 
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Fig.  1.  Fig.  2. 


Fig.  1.  .Sclioinatic  representation  of  a  one-pool  model  of  the  i)reerytliropoictic  phase 
of  iron  metabolism. 

Fk;.  2.  C.W.  (Polycythemia  vera):  approximation  of  plasma  Fe"  disappearance  datit 
during  the  first  hour  of  the  experiment  by  a  single  exponential  function. 
•  ••  Experimental  data  during  the  first  hour  of  the  study. 
  Approximation  to  the  above  data  by 

q  =  ae~^'  =  14406""  °--^'  (t  in  min) 

OOO  Experimental  data  after  the  first  hour. 

(For  similar  data  and  results  see  references  1  and  12.) 


0     20    40    60    eo    100  120   140  160  ISO  200  220  240  260  280  300  320  340 


TIME  (MINUTES) 

Fig.  3.  Compari.son  of  pla.sina  radioiron  (li.s:ippf';iraii(  ('s.  The  shaded  area  represents  the 
normal  range  with  an  average  T12  =  90  min.  Note  the  very  rapid  half-time  of  disappearance 
in  the  jjresence  of  hyperactive  erythropoicsis  (such  as  in  polycythemia  vera),  and  the 
markedly  prolonged  7'i  2  when  red  cell  production  is  diminished  or  absent  (such  as  in 
aplastic  anemia;. 
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(qiC"^''  +  a-iC^'-'  +  ajc"^''  +  ■  •  •  +  a„e~^"')  are  particularly  suited  for  approxi- 
mations to  the  tracer  data  in  the  studies  of  ^•arious  steady-state  metabolic 
systems.  In  general,  sums  of  /(  exponential  functions  describe  the  mathematical 
behavior  of  a  tracer  in  /t-pool  models  (2,  3),  assuming  (1)  instantaneous  mixing, 
and  (2)  constant  relative  rates  of  transfer  (or  first  order  reactions),  or  (3)  a  state 
of  dynamic  e(iuilibrium.  Theoretically,  a  set  of  tracer  data  can  be  e(iually  well 
approximated  hy  any  one  of  a  large  variety  of  families  of  cui  xcs  (not  necessarily 
exponential  functions).  As  a  rule,  however,  such  representations  are  both  very 
complicated,  and  lack  the  uniform  logical  foundation  and  simplicity  inherent  in 
the  use  of  exponential  functions  in  the  characterization  of  the  above  multiple- 
pool  models.  This  becomes  especially  obvious,  for  example,  if  one  tries  to  repre- 
sent data  which  can  be  adequately  approximated  by  a  single  exponential  func- 
tion, by  a  power  series  m  +  ait  -f  aj/-  +  •  •  •  +  aj"  or,  for  that  matter,  by  any 
other  type  of  function. 

The  one-pool  plasma  model  appeared  .satisfactory  as  long  as  the  experimental 
tracer  data  could  be  adecjuately  characterized  by  a  single  exponential  function. 
With  the  development  of  better  detecting  de\  ices,  this  representation  proved 
no  longer  satisfactory  (7,  8,  9).  A  sum  of  two  exponential  functions,  q{t)  = 
aie~^''  +  a-ie~'^''  became  necessary  to  approximate  the  plasma  Fe^^  disappearance 
data  for  the  first  six  hours  after  injection  of  the  tiacer  (Fig.  4)  (7).  Such  a  repre- 
sentation corresponds  to  a  two-pool  model  (Fig.  .">)  where  the  first,  or  accessible, 
pool  is  plasma,  and  the  "second"  pool  is  denoted  as  extravascular  labile  pool. 
This  pool  has  been  identified  with  iron  in  the  interstitial  fluid  (1,  6,  10). 

From  the  clinical  point  of  view,  the  two-pool  model  has  certain  disadvantages: 
besides  losing  the  simplicity  of  a  one-pool  model,  the  two-pool  system  can  no 
longer  be  characterized  by  the  half-time  of  disappearance  of  Fe°^  from  plasma 
(7).  The  new  equivalent  parameter  is  that  of  the  effective  late,  Re ,  of  iron  dis- 
appearance from  the  two-pool  system  as  a  whole,  and  not  from  plasma  alone 
(2,  7).  The  two-pool  model  gives  better  approximation  to  the  experimental  data 
and  leads  to  an  evaluation  of  total  red  cell  iron  tiu  no\  er  and  per  cent  hemoglobin 
renewal,  which  in  most  blood  disorders  with  altered  erythropoiesis  yields  values 
more  compatible  with  present  concepts  of  hemoglobin  metabolism  (1,  7). 

Huff's  one  pool  model  (4),  and  the  early  two-pool  models  (7)  form  isolated 
systems  in  the  sense  that  they  are  studied  independently  of  other  aspects  of  iron 
metabolism.  Xo  interrelationships  between  plasma  ladioiron  data  and  in  vWo 
data  was  either  sought  for  or  alluded  to.  I-^or  example,  no  attempts  were  made 
to  analyze  the  initial  phase  of  in  vivo  data  (up  to  (5  or  12  hours)  thereby  failing 
to  bring  out  its  underlying  physiological  significance. 

With  extensive  infoimation  dei  ived  from  in  vivo  counting  over  multiple  liody 
sites,  yielding  characteristic  patterns  in  normal  subjects  and  in  various  hemato- 
logic disorders  (11),  the  isolated  one-  or  two-pool  system  becomes  too  unsophisti- 
cated, and  more  comprehensi\e  models  of  iron  kinetics  are  necessary.  Here 
again  the  mathematical  anal3^sis  starts  with  that  of  plasma  Fe^^  disappearance 
data  for  the  first  six  hours  after  injection,  which  is  approximated  by  a  sum  of 
two  exponential  functions  and  hence  is  represented  by  a  two-pool  system.  All 
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Fig.  4.  C.W.  (Polycythemia  vera):  approximation  of  plasma  Fe^'  disappearance  data 
during  the  first  six  hours  of  the  experiment  by  a  sum  of  two  exponential  functions. 
•  ••  E.vperimental  data  during  the  first  six  hours  of  the  study. 


  Approximation  to  the  above  data  bv  qi  =  a 

lUOe-o ""-^^  a  in  min) 

 Exponential  function:  aif~*''  =  13,<)00e~° 

 Exponential  function:  =  1110c~° 

O  Experimental  data  after  first  six  hours. 
(For  similar  data  and  results  see  references  1  and  12; 
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Fig.  5.  Schematic  representa- 
tion of  a  reduced  (2)  two-pool  sys- 
tem, consisting  of  a  plasma  iron 
pool  and  an  extravascular  labile 
iron  pool. 

Q,  and  Qj  denote  the  "First 
Pool"  and  the  "Second  Pool"  re- 
spectively. 


constants  for  defining  such  a  two-pool  model  ( I  ig-      eaiiiiot  be  obtained  din  '  '  ■ 
from  the  approximating  ef|uation  describing  the  tracer  behavior  in  plasma  i 
4)  (2,  7).  Additional  information  is  required  to  determine  the  exact  mod(  - 
exit  and  entry  of  iron  from  and  into  this  two-pool  system  (2,  6:  Appendix  A). 
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In  the  followinj;  tonuulatiou  of  the  luultiplc-pool  niodt'l  of  the  kinetics  of  iron 
nu'tabolisni,  this  two-pool  coniponout  is  icpicscntcd  as  a  sini^lc  unit  whicli,  in 
view  of  its  physiological  function,  is  desiiinated  'J'lansport  Suh  System  (Figs. 
G  and  11)  and  which,  as  a  whole,  intercliaiiges  with  eiythiopoietic  and  storage 
pools  and  possibly  other  reservoirs.  The  e.xact  modes  of  tlie  connect  ions  of  the 
two  individual  pools  with  the  remainder  of  the  system  (exit  and  entry)  icmain 
unspecified  for  the  present.  If  the  plasma  Fe-^''  disappearance  data  are  considerc'd 
over  the  period  of  two  to  three  days  after  injection,  they  can  lie  empirically 
decomposed  into  a  sum  of  three  exponential  functions,  q{t)  =  aie~^''  +  a-2e~'"'''  + 
a3e~^''  (Fig.  7),  thus  indicating  the  existence  of  a  third  iron  pool  (Fig.  8)  (2) 
which  significantly  influences  the  behavior  of  the  tracer  in  plasma  during  this 
extended  time  interval.  In  normal  subjects  when  the  plasma  Fe'^"  disappearance 
data  are  approximated  by  a  sum  of  three  exponential  functions,  the  functions 
containing  the  two  larger  negative  exponents  do  not,  as  a  rule,  differ  considerably 


TRANSPORT 

SUBSYSTEM 

/ 

 lEXTRAVASCULARl 

I  PLASMA  POOL  1 

 >l   LABILE   POOL  1 

Fig.  6.  Schematic  representation  of  the  iron  transport  sub-system.  The  fact  that  the 
exact  modes  of  exit  and  entry  are  not  known  is  indicated  by  the  broken  arrows. 

from  the  exponential  functions  aic~^''  and  aof"'*''  describing  the  behavior  of  the 
two-pool  system  during  the  first  six  hour  period.  Furthermore,  the  numerical 
values  of  the  pool  constants,  which  are  calculated  on  the  basis  of  an  initial  two- 
pool  system  remain  essentially  the  same  when  they  are  lecalculated  on  the 
assumption  of  certain  three-pool  systems  (12).  It  will  be  con\  enient  to  denote 
this  third  pool  as  the  "marrow  iron  transit"  pool,  though  different  pathways  for 
the  transport  iron  are  mathematically  admissible  (Fig.  8).  Ojie  such  alternative 
is  discussed  below.  In  the  third  component,  asc"^^',  of  a  decomposition  into  a 
sum  of  three  exponential  functions,  however,  both  the  coefficient,  as ,  and  the 
constant  of  the  exponent,  —  X3 ,  are  of  a  lower  order  of  magnitude  than  a\ , 
and  —  Xi ,  —  X2 ,  respectively.  The  half-time  of  disappearance,  0.693/ X3 ,  of  this 
third  component  is  measured  in  terms  of  days,  instead  of  minutes  and  hours,  as 
for  0.693  Xi  and  0.693  X2  ,  respectively.  In  addition,  the  exponential  function 
036"^'',  which  forms  the  predominant  component  of  the  tracer  equation  for 
plasma  after  the  first  day  of  the  experiment,  is  approximately  the  same  (except 
for  the  magnitude  of  the  coefficient)  as  the  predominant  function  describing  the 
in  vivo  radioactivity  over  various  body  surface  sites  during  the  same  period 
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Fk;.  7.  C.W.  ( I'olycythpiiiia  vera^:  appro.\iniatif)n  of  plasma  Fe^'-*  disappearance  data 
during  the  first  four  days  of  the  experiment  approximated  by  a  sum  of  three  exponential 
functions. 

•  ••  Experimental  data  during  the  first  four  days  of  the  study. 

  Approximation  to  above  data  hv  9  =  oie~^'' +  a'e"^^' +  03?"^' =  13,o00e~°  — 

1600e-<'  +  i90f-«  00029-6' 

(Note  that  /  in  equation  is  expressed  in  minutes) 

 Exponential  function:  aie~^>'  =  13.500?""  o-"^^' 

 Exponential  function :  a;e~*5'  =  IGOOe""  o""'"' 

 Exponential  function:  aie'^*'  =  190e-o.oo'i2976( 

(For  similar  data  and  results  see  references  1  and  12) 


Fig.  8.  Schematic  represent  a 
tion  of  a  general  three-pool  system. 
For  definitions  see  reference  1 
(Figs.  1  and  2)  and  reference  2. 
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except  for  a  time  lag  of  about  one  day  (ti).  This  can  be  interpreted  to  signify 
that  the  tracer  beha\-ior,  both  in  plasma  and  over  such  body  surface  sites,  is 
affected  not  only  by  the  initial  two-pool  system,  i.e.,  the  transport  subsystem, 
but  also  by  the  same  third  pool,  the  "marrow  iron  transit"  pool  (Fig.  9).  If  the 
plasma  Fe^''  disappearance  data  are  determined  beyond  two  oi-  three  weeks, 
further  exponential  components  may  be  indicated.  The  half-time  of  disappear- 
ance of  such  a  fourth  exponential  function,  0:4^"'^'',  would  be,  again,  of  a  lower 


TRANSPORT  SUBSYSTEM 


Fig.  9.  Schematic  representation  of  the  initial  reduced  three-pool  system  of  iron  me- 
tabolism, consisting  of  the  transport  iron  subs.ystem  and  the  marrow  iron  transit  pool. 

order  of  magnitude  than  those  of  any  of  the  preceding  ones,  and  the  coefficient 
would  be  so  small  that  the  addition  (or  subtraction)  of  this  function  to  the  plasma 
disappearance  data  during  the  first  few  hours  or  days  would  fall  within  the  limits 
of  experimental  errors.  The  numerical  constants  of  such  a  fourth  ■  component 
(as  well  as  of  any  possible  additional  components)  have  not  been  determined 
because  at  this  stage  the  levels  of  activity  in  plasma  are  very  low,  and  because 
this  component  may  be  masked  by  the  presence  of  post-erythropoietic  radio- 
activity such  as  due  to  normal  ineffecti\'e  erythropoiesis  (13). 

Four  exponential  components  in  the  plasma  Fe^^  disappearance  curve  would 
indicate  a  four-pool  system  (2).  The  fourth  pool  would  represent  a  storage  pool, 
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which  is  lalx^lod  with  radioirou  leaving  th(>  transport  subsystem  but  wliich  is 
not  initially  destined  for  hemoglobin  synthesis  (Fig.  10).  The  existence  of  such 
a  storage  pool  (which  may  be  spatially  distributed  over  widely  separated  areas) 
should  be  verifiable  by  means  of  in  vivo  counting  (0).  This  should  be  particu- 
larly demonstrable  in  cases  of  diminished  red  cell  uptake  (aplastic  anemia,  re- 
fractory anemias,  etc.)  with  no  appreciable  hemolysis.  Thus,  in  Figiue  11,  one 
notes  the  in  vivo  counts  over  the  liver  and  splenic  areas  of  a  subject  with  no 
hemolysis  and  only  73  per  cent  red  cell  incorporation  of  radioiron.  The.^e  data 
can  l)e  resolved  into  two  distinct  components,  an  exponential  function,  and  a 
constant  which  may  be  attributed  to  localization  of  radioiron  in  storage  pools. 


TRANSPORT  SUBSYSTEM 


Fig.  10.  Schematic  respresentation  of  iron  interchange  between  the  transport  subsystem 
and  the  marrow  iron  transit  pool  and  storage  pools  respectively. 

In  most  noniial  patients  considered,  the  red  cell  uptake  averaged  over  90  per 
cent.  A  90  per  cent  red  cell  uptake,  however,  allows  for  a  storage  localization  of 
about  10  per  cent  of  the  initially  injected  tracer  dose.  Such  storage  activity  can 
be  completely  masked  by  o\er-correction  for  the  highly  radioactive  blood  back- 
ground. The  correction  for  circulating  blood  background,  as  pre\  iously  de-scribed 
(0)  is  Ija.-^'d  upon  the  as.sumption  that  the  ratio  of  the  fraction  of  the  total  plasma 
activity  initially  seen  by  the  in  vivo  counter,  to  the  fraction  of  the  total  red  cell 
activity  subsequently  detected,  is  equal  to  the  ratio  of  the  fraction  of  total 
plasma  to  the  fraction  of  total  red  cell  mass  contained  in  the  .sampling  tube  for 
measuring  the  activity  of  venous  whole  blood.  Such  an  assumption  is  equivalent 
to  postulating  e(jual  peripheral  venous  and  local  tissue  or  organ  hematocrits. 
This  is  not  generally  true,  .since  the  tissue  hematocrits  over  splenic  and  other 
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areas  may  differ  significantly  from  periplieral  venous  hematocrits.  Tlicrctore,  in 
normal  subjects  or  patients  with  high  hematocrits,  after  the  first  24  hours,  when 
the  circulating  plasma  activity  is  replaced  by  red  cell  activity,  relatively  less 
blood  background  may  be  seen  by  the  in  vivo  counter  than  is  calculated  on  the 
assumption  of  e(iual  peripheral  venous  and  local  hematocrits.  The  correction 
for  the  true  circulating  blood  background  after  the  first  experimental  day  may 
then  ha\  e  to  l)e  reduced  to  90  or  even  80  per  cent  of  the  calculated  value,  to 


TIME  (MINUTES)  TIME  (DAYS) 

Fig.  11.  E.xperimental  plasma  Fe^'  disappearance  data,  red  cell  uptake  data  and  surface 
radioactivity  data  on  the  subject  F.A.  (cirrhosis  of  liver). 

account  for  the  difference  between  the  venous  and  local  hematocrits.  Such  cor- 
rections, when  applied  to  the  gross  in  vivo  counting  data  of  the  al)()\c  sul)jccts, 
lead  to  in  vivo  curves  exhibiting  significant  horizontal  (constant j  coinpoiieiits 
of  radioactivity.  Since  such  corrections  differ  from  individual  to  indiA  idual  and 
cannot  be  determined  a  priori,  other  methods  for  (juantitatiiig  and  localizing 
storage  deposits  must  be  devised. 

Another  phenomenon  ilhistrated  in  Figure  11,  is  that  of  a  time  delay  between 
the  initial  appearance  of  radioiron  at  various  organ  sites  and  its  sub-sequent 
reappearance  in  circulating  red  cells.*  This  delay  is  essentially  the  time  lag  which 


*  Note  that  erythropoietic  activity  is  normally  detected  over  all  organ  sites  (6). 


332 


NOKMAX  R.  GEVIHTZ  ET  AL. 


is  defined  as  the  interval  between  the  disappearance  of  iron  from  the  reduced 
three-pool  system  and  its  reappearance  in  red  cells,  and  can  be  represented  by  a 
series  of  undiiectionally  connected  pools,  i.e.,  a  secjuence  of  irreversible  reactions, 
comprising  the  different  stages  of  erythrocyte  maturation,  and  the  concomitant 
elaboration  of  hemoglobin  (G,  14,  lo).  In  figure  12,  this  sequence  is  denoted  by 
the  "erythron  maturation"  pool.  The  in  vivo  data  representing  the  combined 
activity  of  the  "marrow  iron  transit"  and  "erythron  maturation"  pools,  behave. 


 Y  :  

TRANSPORT  SUBSYSTEM 


Fig.  12.  Schematic  reprpsf-ntatioii  of  niultiplf-pool  models  of  in.ii  kiiiotics  in  iir.rmal 
subjects. 


after  most  of  the  iron  leaves  the  transport  sub-system,  approximately  as  a  sinfj;lf 
pool  with  a  delay  of  six  hours  to  three  days.  The  appearance  of  radioiron  in  tlu 
circulating  red  cell  pool  pioceeds  as  if  iron  were  transferred  directly  from  the 
"marrow  iron  transit"  pool,  i.e.,  with  no  intermediary  pools,  though  again  with 
the  same  time  lag.  The  process  of  senescence  of  circulating  j-ed  cells  can  also  be 
considered  as  an  infinite  sequence  of  uiiidirectionally  comiected  pools  (or  irre- 
versible reactions)  manifesting  itself  as  another  tiine  lag  of  100-120  days,  at  the 
end  of  which  time  the  hemoglobin  iron  is  released  by  the  hemolysis  of  the  effetf 
cells  (14).  It  is  conmionly  accepted  that  iron  from  catabolized  erythrocytes  i> 
preferentially  reutilized  for  hemoglobin  synthesis  (lf5,  17).  Additional  ob.serva- 
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tious  (17,  18)  suggest  that  iron  derived  from  heinoglohin  l»-eakdo\vu  may  enter 
a  metabolically  active  storage  pool  from  which  it  is  mobilized  iii  random  fashion 
for  the  maintenance  of  the  steady  state  of  the  transport  subsystem. 

This  completes  the  proposed  model  of  iron  kinetics  in  normal  lumuui  sul^.jccts, 
describing  the  major  movements  and  distribution  of  iron  as  deduced  from  the 
available  Fe'^^  data.  These  massive  movements  of  Fe^**  may,  ho\ve\er,  mask 
additional  minor  interchanges  between  various  pools.  Thus,  even  in  normal 
subjects,  there  is  physiological  ineffective  erythropoiesis  (13),  and  the  transport 
of  iron  from  these  hemolyzed  cells  may  not  coincide  with  the  major  iron  move- 
ments (solid  lines  Fig.  12).  Such  auxiliary  pathways  are  indicated  in  Figure  12 
by  dotted  lines.  Direct  uptake  of  plasma  Fe^^  by  circulating  reticulocytes,  as 
well  as  utilization  of  radioiron  for  myoglobin,  cytochromes,  and  other  enzymes, 
is  not  detectable  in  Fe"  plasma  disappearance,  red  cell  uptake,  and  in  vivo 
counting  data,  and  ha\  e  been  disregarded  in  the  formulation  of  the  above  multi- 
ple-pool model.  It  should  be  noted  that  theoretically  the  order  of  appearance  of 
radioiron  in  the  marrow  iron  transit  and  erythron  maturation  pools  cannot  be 
detected  by  in  \  ivo  measurements  alone.  The  in  vivo  counters  will  register  the 
same  activity  if,  instead  of  the  above  model,  one  postulates  the  direct  incorpora- 
tion of  iron  into  the  developing  red  cell  precursors  (with  the  corresponding  six 
hours  to  three  days  time  lag)  with  the  subsequent  release  of  the  mature  cells 
into  a  red  cell  reservoir,  from  which  red  cell  iron  is  finally  transferred  (with  a 
half-time  disappearance  of  one  to  three  days)  partly  into  the  peripheral  circula- 
tion, and  partly  after  a  metabolic  change  back  to  the  transport  subsystems.  In 
theory,  the  order  of  the  above  pools  should  be  detectable  in  the  plasma  Fe*® 
disappearance  data.  In  practice,  however,  the  difference  in  activities  due  to  an 
immediate  return  of  Fe^^  from  the  "marrow  iron  transit"  pool,  and  a  delayed 
return  due  to  the  recycling  after  a  time  lag,  may  not  be  large  enough  to  be  dis- 
tinguished from  the  usual  experimental  errors.  The  possible  "recycling  of  sidero- 
cyte  iron"  (19,  20,  21)  falls  within  the  confines  both  of  the  proposed  model  (Fig. 
12)  and  of  the  above  hypothetical  alternative. 

In  considering  a  model  of  iron  kinetics,  it  should  be  borne  in  mind  that  various 
pools  may  not  be  anatomically  distinct  and  need  not  be  localized  in  contiguous 
areas  or  single  organs.  Thus  plasma  and  red  cell  pools  both  occupy  the  same 
vascular  spaces;  the  extravascular  labile  pool  (or  interstitial  fluid)  overlaps  the 
storage  and  erythron  maturation  pools;  and  finally,  the  marrow  iron  transit 
pool  may  not  be  spatially  distinct  from  either  storage  or  erythron  maturation 
pools. 

Some  speculations  al)out  the  chemical  and  physiological  nature  of  marrow  iron 
transit  pool  can  be  gleaned  from  tlie  literature.  Pollycove  et  al.  (22, -23,  24)  sug- 
gest that  the  "labile  erythropoietic  pool"  *  niay  be  exchangeable  iron  on  the 
surface  of  immature  erythrons.  They  observed  that  in  man  and  in  dogs  most  of 
the  marrow  radioiron  remains  in  non-heme  form  thirty-six  and  eight  hours  after 
injection,  respectively.  Specifically,  the  "miscible  storage  iron"  (ferritin)  in  mar- 

*  The  "labile  or\  tlir(i|)(iictic  pool"  in  their  three-iK)ol  analy.si.s  is  mathematically-  ecjuiva- 
lent  to  the  marrow  in.n  transit  pool  in  .Vhulcl  IIIA  (1,  12). 
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row  is  di^tiiiguisluxl  iVoin  the  aliove  incMitioned  pool  by  its  lack  of  lability.  This 
is  at  variance  with  the  fiudiiij!;s  of  Xoyes  and  Finch  (2"))  who  found  in  rabbits 
that  80  of  the  marrow  radioiron  is  in  heme  during  the  period  of  15  minutes  to 
four  hours  after  injection.  Zail  and  co-workers  (20)  described  (in  man  and  rats) 
ferritin  formation  in  maturing  red  cells  only  when  "more  iron  enters  the  cell 
than  can  be  immediately  utilized  for  hemoglobin  synthesis,"  and  observed  that 
the  lemaining  ferritin  is  removed  from  the  red  cell  prior  to  its  release  into  the 
circulation.  They  suggest  that  this  removed  ferritin-irou  may  contribute  to  a 
labile  marrow  pool  which  may  feed  back  into  the  plasma.  !Mazur's  studies  on 
rat  marrow  and  reticulocytes,  and  human  reticulocytes  (27),  however,  present 
evidence  for  the  initial  iron  incorporation  into  ferritin  prior  to  its  incorporation 
into  heme.  According  to  Bessis  and  Breton-CJorius  (28)  the  ferritin  iron  in  le- 
ticuluin  "nurse  cells"  moves  from  reticulum  cells  to  maturing  erythrons  by  th(> 
process  of  "rhopheocytosis,"  as  seen  by  the  electron  microscope.  To  what  extent 
species  and  strain  specificities  and  mi'thodology  accomit  for  these  different  find- 
ings is  problematical. 

Jandl  and  Katz's  experiments  (29)  give  strong  indication  thai  the  transferrin- 
iron  complex  can  be  reversibly  bound  to  reticulocytes.  Upon  dissociation  of  the 
transferrin-iron  complex  the  protein  recirculates;  tlie  iron  is  mainly  metabolized 
in  the  interior  of  the  cell,  although  it  can  also  be  released  back  into  the  circula- 
tion. Such  surface  iron  may  contribute  to  the  labile  erythropoietic  pool,  as  pre- 
viously postulated  by  Pollycove  et  al.  (22,  23,  24)  for  "innnature  erythrons." 

The  marrow  iron  transit  pool  may  encompass  some  or  all  of  the  above  forms 
of  iron;  conceptually  this  poo!  does  not  re(iuire  any  specific  anatomic  or  chemical 
dehneation.  The  "erytluon  maturation  pool"  is  primarily  iron  irreversibly 
destined  for  hemoglobin  synthesis  and  hemoglobin  iron  within  the  erythrocyte 
precursors.  This  pool  can  be  interpi'eted  as  an  "infinite"  series  of  maturing  heme 
containing  cells  comprising  (or  as  irre\ersible  reactions  characteristic  of)  the 
different  stages  of  erythropoiesis,  interposed  between  the  marrow  iron  transit 
and  the  circulating  red  cell  iron  pools.  In  normal  erythropoiesis  some  of  the  cells 
produced  do  not  effectivelj^  contribute  to  the  circulating  red  cell  pool  (normal 
"ineffective"  erythropoiesis)  (13,  30,  31,  32).  Therefore,  the  iron  in  these  cells 
may  be  extraneous  to  the  erythron  maturation  pool.  Alpen  and  Cranmore  (33) 
obser\  ed  radioacti\'e  remnants  of  nucleated  erythroid  cells  and  erythrocytes  in 
mairow  leticulo-endothelial  cells  within  24  hours  after  addition  of  Fe'^  From 
their  autoradiographic  studies  they  postulate  the  presence  of  a  "labile  non- 
plasma  (iron;  pool"  and  comment  that  continued  labelling  of  developing  eryth- 
rons "may  result  from  a  destruction  of  a  cei  tain  small  numlx'r  of  labelled  cells." 
This  suggests  that  the  ii'on  involved  in  noimal  ineffecti\c  crythiopoiesis  forms  a 
part  of  the  marrow  iron  transit  pool. 

In  iron  kinetic  studies  the  erythron  maturation  pool  manifests  itself  as  a  time 
lag  between  the  disappearance  of  radioiron  from  the  'preervthropoietic  phase" 
and  its  subse(|uent  reappearance  in  the  peiipheral  blood.  This  represents  the 
mean  time  span  from  irreversible  iron  fixation  in  red  cell  precursors  to  its  release 
into  the  circulation  in  red  cells.  This  time  lag  is  not  to  be  confused  with  the  total 
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niaturatiou  tiiuc  of  red  cells  wliieli  has  l)een  estimated  to  be  approximately  3 
days  (33,  34),  and  which  includes  all  stages  of  icd  cell  development. 

The  multiple-pool  system,  as  represented  in  Figure  12,  is  at  best  a  simplified 
working  model  of  iron  kinetics  in  normal  subjects.  When  a  hemolytic  component, 
peripheral  hemolysis  and,  or  "ineffective  erythropoiesis"  is  present,  some  or 
even  most  of  the  iron  from  the  cii'culating  red  cell  pool  may  return  to  the  rest 
of  the  system  (active  stores  or  transport  subsystem)  in  a  landom  fashion  (dotted 
lines  in  Figure  12).  Such  iron  pathways  are  sup(>rimposed  upon  the  usual  ones 
which  are  due  to  normal  tlest ruction  of  senescent  red  cells  and  which  are  mani- 
fested by  a  "time  lag."  Thus,  the  exact  pathway  by  which  iron  from  destroyed 
red  cells  returns  to  the  rest  of  the  system,  may  vary  as  a  function  of  both  senes- 
cence and  random  hemolytic  process(>s.  In  certain  l)lood  dyscrasias,  w^here  normo- 
blasts are  present  among  circulating  red  cells,  some  radioiron  will  be  transferred 
directly  from  plasma  into  the  circulating  red  cell  pool,  bypassing  the  accepted 
metabolic  sequence.  On  the  other  hand,  in  the  present  dynamic  concept  ot  inter- 
changing systems,  one  should  not  differentiate  between  pools  on  the  basis  of 
their  spatial  distribution  alone;  the  circulating  normoblasts  may  be  considered 
part  of  the  bone  marrow  whereby  iron  is  supposedly  transferred  directly  from 
plasma  into  "crythron  maturation"  pool.  The  apparent  bypassing  of  the  "mar- 
row iron  transit"  pool  may  actually  represent  a  failure  to  recognize  the  iron- 
bound  transferrin  molecules  enveloping  normoblasts  as  part  of  the  non-con- 
tiguous "marrow  iron  transit"  pool.  This  suggests  that  models  of  iron  kinetics 
in  various  blood  dyscrasias  may  difl'er  significantly  from  that  proposed  for  nor- 
mal subjects  (Fig.  12). 

SUMMARY 

^lodels  of  iron  metabolism  based  upon  multiple-pool  analysis  of  ferrokiuetic 
data  are  presented  and  discussed. 
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Studies  in  Iron  Kineticis: 

1\ .  Caleulalioii  of  Physiological  Paranielers  on  the 
Basis  of  Multiple-Pool  Models* 

LENA  SHAliXKV,  Pii.D..  XOHMAX  1!.  CKX  lUTZ,  M.I).,  LOUIS  R. 
WASSKli.MAX,  .M  l)  ,  L.WV  1!  1  :X(  I ;  S(  llWAIiTZ,  M.l).,  RUVEN 
LK\  ITAX,  .M.l).,  ALICK  M ITTLIv\L\XX ,  .\LS.,  and 
DIXA  TKXDLKK,  ^LS. 

In  the  procoding  papors  of  this  scries  (1,  "J,  '.'>)  a  set  of  iiukIcIs  for  iron  kinetics 
has  been  developed.  In  normal  subjects,  where  no  si<>;iiificant  hemolysis  of  Fe" 
labelled  red  cells  occurs  durin<i  the  initial  few  days  of  the  study,  tlie  reduced 
systems  for  these  models  consist  of  only  three  distinct  pools. f  A  reduced  sy.stcm 
is  defined  (1,  4,  5,  (5)  as  that  part  of  a  total  pool  .syst(>m  in  which  bilateral  (though 
not  necessarily  direct)  interchange  exists  between  any  two  component  pools, 
and  in  which,  therefore,  the  tracer  l)eha\  ior  in  any  given  pool  is  a  function  of 
the  pool  constants  ot  all  component  pools.  Thus  the  tracer  distribution  functions 
for  each  component  pool  consist  of  linear  combinations  of  the  same  set  of  ex- 
ponential functions.  The  three  component  pools  of  the  al)()\'e  reduced  system 
comprise  "plasma,"  "extravascular  labile"  and  "marrow  iron  transit"  pools 
(Fig.  1). 

In  order  to  determine  completely  (to  calculate'  all  paiameters  of)  such  a  re- 
duced three-pool  system  several  assvuuptions  must  1k>  made:  the  modes  of  exit 
of  iron  from  the  two-pool  transport  subsy.stem  and  the  entry  of  iron  into  the 
reduced  three-pool  system  must  be  decided  upon  (2,  4,  .">).  It  is  postulated  that 
no  iron  enters  the  system  through  the  marrow  iron  tiansit  pool  and  that,  there- 
fore, storage  iron  both  leaves  and  enters  by  means  of  llie  transport  sul)system. 
In  this  context,  the  iro)i  destined  foi'  luMuoglobin  synthesis  lea\ cs  one  ol  the  two 
pools  of  the  transport  subsystem  and  is  transferred  to  liie  ervthron  maturation 
pool  (1,  3)  via  the  marrow  ii-on  transit  pool. 

Theoretically  any  one  of  the  sixteen  extreme  models  (icf.  2,  Fig.  1)  may  be 
chosen  for  the  transport  subsystem.  The  choice  of  the  model  is  somewhat  simpli- 
fied by  previous  exclusion  from  such  consideiations  of  models  lib,  lid,  W'b, 
IVd  (2,  7)  and  probably  of  all  models  of  group  I  (2).  4"he  i ciiuiiiiing  models 
appear  in  Figure  2.  In  order  to  reduce  the  number  of  workable  models  it  is 
arbitrarily  assumed  that  all  iron  enters  through  the  plasma  pool  or  through  the 
extravascular  labile  pool  but  not  through  both.  (This  leaves  only  four  models: 
Ila,  Illa,  Illb  and  IV'a  (Fig.  2).)  It  is  fuitlier  assumed  that  the  mairow  iron 

From  the  Department  of  Heiiiat  dIohn'  and  the  Andre  Mcxcr  Department  of  Pliysie.s, 
The  Mount  Sinai  Ho.spital,  New  York,  X.  V. 

*  This  study  was  supported  in  part  by  T.S.IMLS.  (Wants  A  and  AM OlOlW,  TIk; 
In.stitute  of  Arthritis  and  Metabolic  Di.seases,  V .  S.  J'ublie  Health  Service,  and  by  the 
Albert  A.  Li.st,  Frederick  Maeliliii  and  Anna  Uulh  Lowent)erg  I{eseareh  Funds. 

t  For  a  brief  discussion  of  a  jjossible  initial  four-pool  reduced  system  see  references  1 
and  3. 
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transit  pool  of  the  rcdviccd  thrcc-pooI  system  is  intt'iTliaiiginji;  bilatt'ialiy  with 
only  one  of  the  component  pools  of  the  tiunspoit  subsystem.  This  allows  for 
only  one  possible  reduced  three-pool  system  corresponding  to  each  of  the  above 
four  two-pool  transport  models  (Fig.  o). 

It  is  the  purpose  of  this  paper  1)  to  demonstrate  how  the  plasma  Fe'^  dis- 
appearance data  can,  in  most  cases  (where  sufhcient  plasma  Fe^'-'  data  are  avail- 
able and  where  no  significant  hemolysis  of  I'c"  tagged  cells  occurs  during  the 


TRANSPORT  SUBSYSTEM 


PLASMA  POOL 


Fig.  1.  Schematic  rcjin  sent  at  ion  of  the  initial  three-pool  subsystem  of  iron  metabolism 
in  normal  subjects.  Thr  iila-ma  \)nn\  ami  tlic  cxt ravascular  labile  pool  form  the  transport 
subsystem.  The  broken  ariows  imiieate  uiiiaTtaint y  of  interconnections  (2,  4). 


first  two  days  of  the  experiment)  be  analyzed  in  terms  of  the  above  four  alterna- 
tive partial  models  of  iron  metabolism;  2)  to  compare  the  results  of  such  analyses 
in  hematologically  normal  subjects  with  those  in  patients  with  various  blood 
dyscrasias;  and  finally,  3)  to  collate  in  different  subjects  the  red  blood  cell  iron 
turnover  rates  derived  from  the  three-pool  analysis  with  those  based  on  the 
assumptions  of  initial  two-  and  one-pool  models,  respectively. 

As  an  example,  the  plasma  Fe'^  disappearance  data  will  first  be  approximated 
by  a  sum  of  three  exponential  functions 

—  =  aiC       +  Die   '   +  Cie  . 
9o 
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The  pool  constants  (including;  such  physiologically  siguilicant  parameters  as 
the  size  of  the  marrow  iron  transit  pool  and  the  HBC  iron  turnover  rate)  will 
then  be  determined  in  detail  for  each  of  the  four  alternative  models  in  terms 
of  the  constants  of  the  approximating  ecjuation  (i.e.,  Oi  ,  />i  ,  fi  ,  Xi  ,      and  X3), 
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Fig.  2. 

Eight  Admissible  Two-Pool  Models  of  Iron  Transport  Subsystem 
All  entry  of  iron  to  the  reduced*  three-pool  system  through  plasma  pool  (^i  . 
All  entry  of  iron  to  the  reduced  system  through  o.vtra vascular  labile  pool  Q>  . 
Fraction  ai  =  of  total  amount  of  iron  entering  the  reduced  system  enters 

through  i)lasnia  pool  Q\  ;  fraction  0-2  =  1  —  enters  through  extravascular 
labile  [)0()1  . 

Fractional  =  1  —       of  total  amount  of  iron  entering  t  lie  ndiKr.l  s\ stem  enters 
through  plasma  pool  Qi  ;  fractions;  =       enters  tlirouuli  cxl  1  ,i\  ,i-rular  pool  Q 
AW  exit  of  iron  from  traiis|)ort  subsvstcin  througl 
All  exit  of  iron  fnnn  1  r.i  n-puri  Mil  i-  \  st  cni  t  hroiinh  ( 
Fraction  r\of  Ih.'  t.,t,',l  nun  Ir,-, vm^  t  lie 
iron  transit  j)ool  via  ikjuI  (J,  ;  Ir 

system  through  the  extravaM  iihir  l.iliili 
Fraction  (\  of  the  total  iron  IciN-in;:  1  Ik 
iron  transit  j)ool  via  extravascular  laliil 
port  subsystem  through  plasma  pool  (^i  . 
'reduced"  system  refers  always  to  reduced  three-pool  .system, 
effective  RBC  iron  uptake 

of  iron  leaving  the  reduced  three-pool  system  to  be  utilised  for  Hgb.  .synthesis 
Total  amount  of  iron  leaving  the  reduced  three-pool  system 


s\st 

-  / 


(J.  ;  I. 


ra v;isi-ular  labile  1)0()1  . 
Ill  Iravi's  it  t  hough  marrow 
,  leaves  the  trans])ort  sub- 
in  leaves  it  though  marrow 
ictionl  —  f/t  leaves  trans 


the  total  plasma  iron,  ^^1,  and  the  maximuiu  liactional  IMU"  I'c"  uptake,  U 
(o,  0).  In  addition,  the  analysis  will  he  extciidcd  to  include: 

(a)  A  comparison  of  experimeiita!  with  calculated  (theoretical)  RBC  Ve  ' 
uptake  data  for  all  models,  includiiifi;  a  determination  of  the  "time  lag"  (8)  and 
hence  the  size  c)f  the  erytliron  maturation  pool  (fig.  (i). 
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(b)  A  coiuparisou  of  expcMiiuental  with  calculated  in  vivo  counting  data  for 
the  initial  models  Ilia  and  II Ih  (1m<;.  .'!). 

The  following  data  obtained  from  the  Fe''  tracer  study  of  year  old  female 
patient,  A..M.,  with  an  undiagnosed  neurologic  disorder,  will  be  utilized  for 


Fig.  3.  Schematic  representation  of  the  four  reduced  three-pool  subsystems  of  iron 
metabolism,  corresponding  to  the  two-pool  models  Ila,  Ilia,  Illb  and  I\'a. 


analysis  in  terms  of  initial  reduced  three-pool  systems.  (Each  set  of  Fe'"^^  data  is 
corrected  for  a  single  reference  date): 

1.  Plasma  Fe'^  disappearance  data  (Table  I,  column  1)  in  terms  of  counts 
per  minute  per  2  ml  of  plasma. 

2.  RBC  Fe''^  uptake  data  (Table  II,  column  1)  in  terms  of  counts  per  minute 
per  2  ml  of  hemolyzed  whole  blood. 


2 

s  .Is   «  c 

l#  illiiiiiiiiis^i^ 

2 

(  mni  m 

iiiiliiiiiip^-- 

1 

i 

% 

m 

(  uiui  ui  9un,) 
)t0900  oJOf Of 

(  mui  u.  3uni) 
>ioto«  oJOOri- 

Column  1 
Column  2 

iiiiiiiiiipsS^f 

Experimental 
values:  counts 
per  min.  per  2 
ml  of  plasma 

igiiiiiiiiiiiis^s 

Column  

Sampling  time 
U>fter  Fe"  injection) 

|..:  f|||| 

=  -  S  ?i  9  5  g  1  1  g  III  1  -  -  -  2 

STUDIES  IN  IKON  KINETICS:  IV 


343 


3.  In  vi\'()  Fe'''  activit}'  (coi  rccted  tor  blood  l)a('kgi'omid)  over  u  hone  marrow 
area  (sacrum)  (Table  III)  (rcf.  2,  l'"ig.  :>). 

4.  Total  plasma  iron  =  4.27  mg.  [Maximum  lUK'  Fc''  uptake  I'  =  0.09 
(expressed  as  a  fraction  of  total  initial  dose  injected).  Total  Ci red  cell  mass  = 
1695  ml. 

The  plasma  Fe'''  disappearance  data  (Table  I,  column  1,  and  Figure  4)  can 
be  approximated  by  a  sum  of  three  exponential  functions  as  follows:  a  straight 
line  drawn  on  semilog  paper  through  the  thi('(>  points  representing  the  plasma 
activity  after  two,  six  and  ten  days,  respect i\(l\-  (Figure  4)  corresponds  to  the 

S  10.000-1 

«>  I 

J  5,000-f. 
a. 

b.  • 

Z  2,000-  . 
E 

t!  1.000-  . 

I  500- 


TIME  IN  DAYS 


Fig.  4.  Appio.xiinat ion  of  tlic  plasma  Fe'^  disappearance  data  on  patient,  A.M.,  by  a 
sum  of  three  e.xponentiid  functions 

qi  =  aie~^i'  +  a-ie~^''  +  ase"^''- 

Part  I: 

•  •  •  Experimental  plasma  Fe°'  disappearance  data  during  the  first  10  days  of  the 
experiment  (Table  I,  column  1). 

 The  third  exponential  component:  Approximation  of  the  experimental  points 

after  the  second  da.y  by  the  exponential  function 

„3e-^3'  =  210e-»  """'sisi     in  minutes)  (Table  I,  column  2). 

exponential  function  210e"'"  =  210e~^'*',  where  /  is  in  minutes.  The  cor- 

responding value  of  the  function  for  various  sampling  times  are  recorded  in 
Table  I,  column  2.  Column  represents  the  difference  lu  tween  the  experimental 
values  and  the  function  210e^^^'  at  the  sampling  times,  i.e.,  values  of  [column 
1-column  2].  These  values  are  plotted  in  Fig.  5  and  can,  in  two  additional  steps, 
be  approximated  by  a  sum  of  two  exponential  functions,  namely  4200c~" = 
4200('^'^''  (Table  I, "column  4)  and  3030?""  °°'""  =  3030c"'''  (Table  1,  column  5). 
The  theoretical  values  expressed  by  the  approximating  eciuation 

gi  =  30306-"°°''''^'  +  4200?-""°'°"  +  2l0e-''-"" 

corresponding  to  the  various  sampling  times,  /,  (i.e.,  the  sums  of  columns  2,  4 
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and  ."))  are  given  in  colunui  G  of  Table  I.  Finally,  the  differences  between  the 
experimental  and  theoretical  values  are  given  both  in  terms  of  counts  per  minute 
per  2  ml  and  as  per  cent  of  theoretical  values,  in  columns  7  and  8.  To  obtain  the 
required  constants  Oi ,  6i ,  and  Ci  (6)  the  approximating  etiuation  must  be 
normalized,  i.e.,  qi  and  each  of  the  coefficients  of  the  exponential  fvmctions  must 
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FiCi.  0.  Approximation  of  the  pla:<iiia  Fc"  disappearance  <lat; 
sum  of  three  exponential  functions 


patient  A.M.,  by  a 


Part  II: 


E.\perimental  i)lasnia  Fe^'  di.sappearance  data  niinu.s  the  corresponding 
values  of  the  exponential  function  aat"^'  =  2106""  """"s^*'  {t  in  minutes) 
during  the  first  day  of  the  experiment  (Table  I,  column  3). 
Approximation  of  the  plasma  Fe^'  disappearance  data  minus  the  corre- 
sponding values  of  aze~^'  =  2106"" by  the  sum  of  two  exponential 
functions 


»ie~*i '  -f-  aje"*''  = 


.006031  _^  4200e~" 


(I  in  minutes)  (Table  I,  columns  4-1-5). 
The  first  exponential  component  aie~*''  =  '. 
The  second  exponential  component  a^c"*'' 
4). 


(Table  I.  column  .5). 
(Table  1,  column 


be  divided  by  the  sum  of  the  coefficients 
theoretical  activity  qo  at  zero  time : 


•.mo  +  4200  +  210 


r440 


qo 

=  OAOlSe-'"'""  +  O.mne-'-'^'""  +  0.0282e-""""'"" 
Hence,  the  constants  of  the  approximating  tracer  equation  of  the  plasma  become 
«,  =  0.4073;         hi  =  0..-)()4.-);        c,  =  0.0282 
X,  =  0.00(303;       \-,  =  0.00301;       X3  =  0.0001848. 
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Note  that  Oi  ,  bi  and  Ci  are  absolute  miinbers,  i.e.,  indices,  wliile  X's  are  numbers 
per  unit  time,  in  this  particular  case,  per  miimte.  In  the  following,  (^i  w  ill  always 
refer  to  the  plasma  pool,  to  the  extravascular  labile  pool  and  Qn  to  the  marrow 
iron  transit  pool. 

The  actual  calculations  follow  the  scheme  indicated  in  reference  0.  The  three 
symmetric  functions  of  A,'s  beconu> 

si  =  Xi  +  X,  +  As  =  0.0092248 

s.,  =  XiX.,  +  X0X3  +  X3X1  =  0.00001i)8209 

s,  =  X1X.JX3  =  0.00335418  X  10~" 

The  tracer  distribution  sj'stems  (5)  for  models  Ilia  and  Illb  (Fig.  3)  correspond 
to  case  2  of  a  "three-pool  system  with  the  accessible  pool  in  the  center"  (rcf.  ('», 
Figs.  2  and  4),  with  e-2  =  fraction  of  tracer  leaving  through  pool  Q2  (i.e.,  through 
e.xtravascular  labile  pool)  =  1  -  T  =  0.01;  Ci  =  0;  ^3  =  L  =  0.99.  Then: 

k,  +  A-3  =  A'l  =  o,(Xo  +  \,)  +  6,(Xi  +  X3)  +  ri(Xi  +  X2)  =  0.0050(1442. 

A-.,A-:,  =  X2  =  aiXoXa  +  /;iXiX:i  +  cXiX.  =  1.3()7445  X  10"'. 

From  the  above  the  constants  A-2  and  /.^  can  be  determined  as  usual : 


,  ,  A-2  +  A-3  ±  V(A-.  +  A-3)-  -  4A-.>A-3  _  0.0050()442  ±  0.00449196 
A-o,  A-3  ^  

Comparing  the  three-pool  analysis  with  the  results  obtained  with  two-pool 
models,  it  follows  as  a  rule  that  Ao  >  A^  .  Hence 

A-,  =  0.00477824 

A-3  =  0.00028G18 

A-i  =  0.0041(5038  =  Si  -  (A-.  +  A^). 

The  above  relative  rates  A-; ,  as  well  as  the  following  interchange  constants,  refer 
to  rates  of  models  of  group  III,  and  whenever  necessary  will  be  designated  as 
A:, (III),  etc.  Furthermore, 

.4.2.421(111)  =  ^^•^''f\+  ^-'^  =  0.113856 

^i3.43i(III)  =  '^^^-'^-^'^^^  +       =  0.296560 

.421  =  .4 12-421  +  ^  =  0.119752 

Au  =  =  0.950766 

.421 

.4c2  =  1  -  .4 12  =  0.049234 
.431  =  1  -  .421  =  0.880248 
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0.()()3094 


kik->kiA  31 


Ai,  =  1  -  .4,,,  =  0.;^3690() 


1  =  2.7."!  ing 


The  constants  ,  ,  E-i  and  can  be  determined  for  models  Ilia  and  Illb 
l\v  imposinfi  the  appropriate  equilibrium  conditions  as  described  in  reference 
(i: 

Q3I  III  I  =  p  -4;iiQi  =  ")4.6  mg    (marrow  iron  transit  pool) 

A'sdII)  =  RBC  iron  turnover  =  /.v4o3(^3  X  1440  min  day  =  14.9  mg  day 

,     „  ,  X  100        14.9  X  100 

Ked  cell  renewal  =  r^^rT-  ,         =  — —        =  0.88%  per  dav. 

HBC  volume  lb9.:) 

Model  Illa:  ^,  =  1;     =      =  0. 

Qo(IIIa)  =  ^'  A-nQi  =  0.44.")  mg    (  extravascular  lat)ik' pool  i 

iv.dlla)  =  /.vlo//..  X  1440  =  O.laOT  mg  day    (iron  to  storage  (1)) 
Model  I  lib:     =  1:  .si  =  .v,  =  0 

/:-,(IIIb)  =  /.vImoC/.  X  1440  =  0.9:il  mg  day  | 

Models  Ila  and  R'a  (Fig.  '-i)  correspond  (except  for  the  interchange  of  pools  Qi 
and  Qi  and  the  consequent  alteration  in  numbering  of  pool  constants)  to  case  3 
and  case  2  of  a  "three-pool  sj'^stem  in  series  with  the  accessible  pool  at  one 
end,"  respectively  (ref.  6,  Figs,  o,  7,  8): 

/.•.3(II,IV)  =  'J-'^''        =  0.00089239 

(where  -Yi  ,      ,  S\  ,  62  and  .sn  are  the  .same  as  determined  for  models  III). 
A-2(II,IV)  =  X,  -  /.-.idlJX  )  =  0.00417203 
A-,(II,IV)  =  Si  -  Xi  =  /,-,(IIIl  =  0.004 U)0.38 

.4,2.42,<  II,IV,  =  ^"^  -  f  ;  +  ^-'^  =  0.I.-.0742 

,4.vh2<II,IV.  =  =  0.032790  =  1  -  ^-f^ 

Model  Ila  (Fig.  3):  do.  =  e,  =  0;  e,  =  I  -  f  =  0.01;  ^-3  =  U  =  0.99;  .s,  =  1 ; 
s->  =  X?.  =  0. 
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A„2  =  =  0.002l()r, 

A,,  =  .l,..-42,  =  0.ir)0742 

.4:i..  =  1  -  .1 12  -  .4 02  =  0.84709;^ 

A-n  =  i^'i^  =  0.747014 

.4  32 

-4oa  =  1  -  .423  =  0.2r)298() 
Qadia)  =  ~  —  '^'l'    —  Qi  =  45.9  nig-    (marrow  iron  transit  pool) 

A'3   (  1    —   .423.432  ) 

EiiUa)  =  \{BC  Iron  Turnover  =  kMh  X  1440  =  14.9  nig/ day 
Q2(IIa)  =  ~  J-  \ — - — -  Qi  =  11.58  nig    ( extravascular  labile  pool) 

A'2  (  1    —  -4  23.4  32  ) 

i:2(IIa)  =  />-2.4o2Q2  X  1440  =  0.1.507  nig,  day    (iron  to  storage) 
:\rodel  IVa  (Fig.  3):  .4„2  =  c-,  =  0;  Ci  =  1  -  T  =  0.01;  (3  =  U  =  0.99;  ai  =  I, 

ff.,  =  0-.J  =  0. 

1  -  »  (1  -  U)Sz 


VXi      A2  \, 


,  ^  0.005896 


,421  =  1  -  .4.,i  =  0.994104 
A 12  =  =  0.1516.36 

.421 

.432  =  1  -  .4 12  =  0.848364 
A23  =  =  0.745894 

.432 

.4o3  =  1  -  .423  =  0.25410() 

Q3(IVa)  =  ^  — ^      ^  ^ - -,  ^^^^    (marrow  iron  transit  pool) 
A'2  (1  —  .423.432) 

£3(IVa)  =  RBC  Iron  Turnover  =  A:,.4f,/^:,  X  1440  =  14.9  mg/day 

Q2(IVa)  =7^—;  — I — Qi  =  11.52  nig  ( extravascular  labile  pool ) 

A-2  ( 1  —  .423.432) 

£i(IVa)  =  Ai.4oiQi  X  1440  =  0.1507  iiig  day    (iron  to  storage) 

When,  as  in  the  present  case,  110  hemolytic  component  is  present,  it  is  possible 
to  calculate  the  expected  (normalized)  RBC  uptake  data  on  the  basis  of  the 
approximating  ecjuation  to  the  experimental  plasma  Fe''''  disappearance  data. 
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Since,  for  the  duration  of  the  experiment,  the  behavior  of  the  tracer  in  the  RBC 
pool  is  assumed  to  be  consistent  with  that  of  a  metabolite  in  an  accvunulatioii 
pool  (5,  6),  the  theoretical  RBC  Fe"^  uptake  values  at  any  time  must  be  propor- 
tional to  the  corresponding  integral  from  zero  to  t  =  /  —  (1,  A-4)  (where  1 ,  /.^  is 
the  estuuated  time  lag  (8))  of  the  tracer  concentration  in  the  marrow  iron 
transit  pool  Q3  ■  Let  93 (r)  denote  the  activity  in  tlie  marrow  iron  transit  pool 
and  ^RBc('  =  r  +  1  ki)  that  in  the  HBC  pool  for  /  >  1  k-^ .  Then,  for  models 
Ilia  and  Illb 

qz(T)  _   ,       r_  ^1  -  ^-x,r  _  h  -  X2 

)(Xi-X3)  (Xi  -  Xo)(Xo  -  X3) 


ko  -  X3 


(Xl   -   X3)(X2   -  X3) 

207.24 

Tiie  total  amount  of  activity  transferred  from  the  marrow  iron  transit  pool  to  the 
crythron  maturation  pool  during  the  interval  from  zero  to  r  becomes: 


Qrbc 


^3  -0.00603t\ 


4    i   I  I   I       278.1.54     -o.oooiMSr  .  207.241  -o.ooaoir 

*   0.0001848 '  mm 

70.91.3 


0.00(503 


+  0.688.5e-^  "«3"'^  +  0.117e-"^'^""«^)  for  r  =  /  -  ^  >  0. 

The  above  theoretical  RBC  Fe'^  uptake,  f'r/, ,  at  any  time  /  =  t  +  (1,  A^)  >  1/A- 
can  be  normalized  by  expressing  it  as  the  percentage  of  the  maximum  theoi-etical 
uptake  (at  t—>x),  i.e.,  by  dividing  9rbc(0  by  14.24.').5.43iA-iA-3  and  by  multiply- 
ing the  result  by  100: 

r„(/,IIIa,IIll)J  =  100-  10.-i.(i(k'-"""""'  +  4.83e-«'*'^'^ 

+  0.83^""  ""*'^  (r  =  /  -  (1  AO  >  0.  in  mhuites), 

or  I 

rn(/,IIIa,IIIbj  =  100  -  10.).(i(k-  "  ■^'"'"^  +  4.83^"'  '''^  +  0.83^"^'  " 

(r  =  /  -  (1  A-4)  >  0,  in  hours). 


Similarly,  for  the  ca.se  of  models  Ila  and  IVa: 

61 

{t  =  t  -  (1,  A4)  >  0,  ill  hours). 


LV*(/,IIa,IVa)  =  100  -  mime-'""""  +  13.0()p~' ''''  -  3.1.>  ' 
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A  comparison  of  tlu'sc  values  with  cxpcMinuMital  iiptalve  data  (by  supcipositiou 
of  corrospouding  seiuilogaritlimic  plots),  iiidicatcs  a  time  lai;;  of  1.2.3  days  (Table 
II  and  Fig.  (>).  In  g(MUM-al,  a  time  lag  cliaractcrizcs  a  undiicct ionally  connected 
setiutMico  of  vanishingly  small  pools  (8),  which  in  this  case  is  represented  by  an 
erythropoietic  seiics  or  "ervthron  maturation  pool,"  interposed  between  th(! 
marrow  iron  transit  pool  and  the  peripheral  erythrocytes.  The  size  of  the  erythron 


Fig.  6.  Expciiniciital  I!B('  Fc''  uptake  data  on  A.M.,  and  their  approximation  by 
theoretical  values  derived  from  the  three  i)ool  analysis  of  plasma  Fe*'  disappearance  data. 
X — X — xt  l'>xperiiiiental  KHC  I''e    ujjtake  (lower  time  scale  t) 
.  .  .j  Theoretieal  I'HC  uptake  for  models  Ilia  and  Illb  (upper  time  scale 


O — O — of  Theoretical  IvHC  Fe'^  uptake  for  models  Ila  and  IVa  (upper  time  scale 
T  =  /  —  1.25  days) 
*  The  bracket  refers  to  time  lag  =  1/k,  =  1.25  day.s. 
t  After  day  5  all  three  lines  coincide. 

maturation  pool  is  ecjual  to  RBC  iron  turnover  multiplied  by  the  time  lag  = 
14.9  X  1.25  =  18.0  mg  (8).  Finally,  consider  the  activity  detected  by  the  in  vivo 
counter  over  an  erythropoietic  site.  After  about  12  hours  the  activity  due  to 
the  extravascular  pool  becomes  negligible.  Therefore,  when,  as  in  the  present 
example,  no  appreciable  amount  of  Fe'^''  goes  into  the  stores,  the  in  vivo  activity 
after  correction  for  circulating  blood  background  (2)  is  proportional  (after  the 
first  day)  to  the  sum  of  1)  the  activity  in  the  marrow  iron  transit  pool  q^it) 
and  2)  the  cummulative  activity  released  from  the  marrow  iron  transit  pool 
during  the  preceding  time  interval  of  one  "time  lag,"  1  /.^  (in  this  particular 


4i 


0 


a  3  4  3   6  7  8  9  10  II   12  13  14  15  16  17 
TIME  t  IN  DAYS 


=  /  -  1.25  (lays 
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case  of  1.2.")  days), 


*'max(U.  I-I'Am) 


TABLE  II 


Experimental  RBC  Fe^^  Uptake  Data  on  Patient  A.M.,  and  Their  Approximation  bi/ 
Theoretical  Valves  Derived  from  the  Three-pool  Analysis  (Models  Ilia  and  1 1  lb) 
of  Plasma  Fe"  Disappearance  Data 


Experimental  RBC  Fe"  uptake 

Percent  of  Maximum  Theoretical 

RBC  Fe"  uptake  at  the  time 
<  =  T  +  time  lag  =  T  +  1.25  days. 

i 

Time  after  Fe^- 
injection 
(in  days) 

T  =  1  -  1.25  d  = 
I  —  time  lag 

As 

counts/min/  2  ml 
of  whole  blood 

As  %  of 

uptake 

(4350c/m/2  cc) 

Models  Ilia  and 

VTh(t  =  T  +  1.25 
days)  =  100 
—  105.7«-<i  s"'" 
+  4.83e-< 
+  0.83e  8 

Models  Ila  and 

Un  {1  =  T+  1.25 
days)  =  100 

—  109.9U"' ^eeii"- 
+  U.'06  e-<  33"- 
-  i.lse-"-^"' 

0.42 

27.6 

0.63 

1.00 
1.60 

0.35 

47.9 

1.10 

6.4 

4.2 

2.00 

400.6 

9.2 

2.25 

1.00 

18.9 

15.8 

3.00 

1074 

24.7 

3.25 

2.00 

.38.0 

35.5 

3.75 

2.50 

46.1 

43.0 

4.25 

.3.00 

52.4 

50.5 

5.25 

4.00 

63.6 

62.1 

6.00 

3047 

70.0 

7.25 

(i.OO 

78.6 

77.3 

8.75 

7.50 

85.6 

85.1 

10.00 

.3918 

90.1 

11.25 

10.00 

92.6 

92.3 

12.25 

11.00 

94.4 

94.1 

13.00 

4150 

95.4 

14.25 

13.00 

96.7 

96.5 

16.25 

15.00 

98.1 

98.0 

17.00 

4280 

98.4 

17.25 

98.5 

98.4 

Using  the  numerical  values  obtained  in  the  ralriilations  of  RBC  uptake,  one 
gets  for  models  Ilia  and  II lb: 


+„,„.,,,/'  m 


dt 


207.24e"'='  -  70.9i:-if'^'') 
+  AM-2S6Me-^''  +  13.11e"'^'  +  2.24e~^''  +  280.61e"'' 
—  13  Ug-^!  """*"- _  2  24e~^' '~^'*'*') 
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For  I  in  days,  the  theoretical  in  xivo  activity  can  be  expressed  as 

Theoretical  in  ^•ivo  acti\-ity 
Constant 

The  theoretical  activity  calculated  from  the  ahove  einiation  and  multiplied  by 
an  appropriate  constant  is  compared  in  I'ig.  7  and  Table  111  with  the  experi- 


FiG.  7.  Experimental  in  vivo  radioactivity 
(corrected  for  blood  hackuround  I  over  the 
bone  marrow  area  of  A.M.,  with  !I0  per  cent 
RBC  Fe'^  uptake,  and  their  ai)pro.\iiiiat ion  hy 
theoretical  values  derived  from  the  three-pool 
analysis  (Models  Ilia  and  lllhl  of  plasma  Fc'^" 
disappearance  data. 

O-  -O-  -O  Experinu'iit al  in  vivo  radio- 
act  ivit>-  over  hone  marrow  area, 
with  l()(t  per  cent  correction  for 
blood  b.-ick^round. 
..  ...  Experimental  in  vivo  radio- 
activity o\'er  hone  m.arrow  area, 
with  ])er  cent  correction  for 
i)lood  l)ackf;r(,und. 
A— A— A  Theoretical  in  vivo  radioactivity 
over  any  erythropoietic  area. 


TABLE  III 


Experimental  in  riro  ('ounting  Data  (Corrected  for  Hlooil  Bfirk  i/ron ml )  over  the  Bone  M<irrow 
Area  of  I'aliinl  A.M.,  mul  Thnr  A  pproxinia/ion  lii/  Tlirorcliml  l>,fir,'il  from  the 

Three-pool  Annliisia  {Models  IJIa  and  Illb)  of  I'luntna  /''(     DiKappearam-c  Data 


Experimental  in  vivo  activity  in  arbitrary 
units  over  bone  marrow  area 

Theoretical  in  vivo  activity  over  bone 
marrow  area  (models  Ilia  and  Illb) 

Time  in  days  after  Fe" 
injection 

Witli  100%  correction 
for  circulating  blood 
background 

With  90%  correction 
for  circulating  blood 
background 

Calculated  as 
described  in  the  text 

Calculated  as 
described  in  the  text 
and  multiplied  by  a 
proportionality 
constant 

1 

39.7 

39.9 

262.16 

•  40.0 

2 

34.8 

35.2 

229.30 

35.0 

3 

26.2 

27.2 

176.12 

26.9 

6 

10.8 

13.4 

79.26 

12.1 

8.0 

10.5 

60.64 

9.3 

10 

3.2 

6.5 

27.55 

4.2 

13 

1.0 

4.2 

12.31 

1.9 
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mental  in  vivo  aeti\  ity  over  the  bone  niairow  area,  corrected  for  100  per  cent 
and  DO  per  cent  (2)  of  the  circulating  blood  background,  respectively. 

A  comparison  of  the  physiological  constants  obtained  on  A.M.  indicates  that 
while  and  most  of  Qs's  may  assume  different  ninnerical  values  corresponding 
to  each  of  the  four  three-pool  models  considered  (Fig.  ;^),  all  RBC  iron  turn- 
ovei-s,  Ei's,  and  three  of  the  E^'s  and  EiS  (^^(Ila),  Eyillla)  and  is'..(IVa)), 
assume  equal  values.  These  equalities  are  not  accidental,  and  as  is  shown  in  tlie 
Appendix, 

E.illa)  =  EiHUsi)  =  Ez(lllh)  =  i^dVa)  = 

Similarly,  it  can  be  shown  that 

i!:.,(IIa)  =  ^:.,(  IIIal  =  £\(IVa)  =  illl^L^  . 

Therefore,  if  the  main  purpose  of  the  mathematical  analysis  of  the  initial  three-pool 
system  of  iron  metabolism  is  to  determine  the  RBC  iron  turnover  values,  or  the 
daily  per  cent  of  hemoglobin  renewal,  it  makes  no  difference  which  of  the  above  four 
alternative  models  is  assumed.  As  a  matter  of  fact,  the  turnover  can  be  calculated 
directh^  from  the  constants  of  the  approximating  equation  and  the  values  of 
r  andV^i  : 

RBC  Fe  turnover  ( IIa,IIIa,IIIb,IVa )  -  -  ^'^^i^^.Xa 


fliXoXs  +  feiXiXs  +  C1X1X2 

Similarly,  the  total  tm-nover  of  the  reduced  three-pool  system*  for  models  Ila, 
Ilia  and  IVa  is  equal  to 

US3Q1  _,_  ( 1  -  U)s3Qi  _  S3Q1  _  f^.X.X.Xs 


X2  X2  X2      01X2X3  +  /hXiXs  -f  CiXiX.  ■ 

I""rom  the  expression  I'szQi  X2 ,  it  follows  that  RBC  iron  turnover  (at  least  for 
the  above  mentioned  models)  varies  directly  with  I'  and  Qi  ,  i.e.,  a  given  per 
cent  error  in  the  determination  of  either  RBC  maximum  iron  uptake  or  of  the 
total  plasma  iron,  introduces  the  same  per  cent  error  in  the  calculations  of  iron 
turnover.  The  dependence  of  RBC  iron  turnover  =  I  \%Qi  X2  upon  the  approxi- 
mating equation  is  not  (juite  so  obvious.  In  the  preceding  example  (Fig.  4, 
Table  I),  the  exponential  function  c,e~'''  =  210e~" of  9/  =  210c"" 
4200e~"'*'*"'  +  3030e~" (t  in  minutes)  gives  a  good  approximation  to  the 
experimental  points  corresponding  to  /  =  2,  <  =  6  and  t  =  10  days,  but  not  to 
/  =  '.i  days  (this  latter  experimental  point  is  assumed  to  be  inaccurate).  If, 
however,  the  experimental  results  of  only  three  days  are  considered,  th(\v  can  be 
equally  well  approximated  by 

ry,"  =  li'^rye-" +  (i400c-"         +  llOe-"  """"    (Table  I). 

*  That  in,  the  total  amount  of  iron  cntcriiiK  and  Icaviiin  the  tlircc  pool  system  a.s  a  whole 
Crathcr  than  individual  pools)  per  unit  time. 
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Here  X3"  =  O.OOO^oC).")  has  almost  twice  the  vahie  of  x/  =  0.0001848  of  the  first 
approximating  equation,  while  the  RBC  iron  tiirno\-er  is  increased  only  hy  about 
12  per  cent  (Table  IV).  It  should  be  noted  that  once  the  value  of  X3  is  decided 
upon,  the  determination  of  the  corresponding  Xi  and  X2  leaves  little  room  for 
possible  variation.  Approximating  the  experimental  plasma  Fe'"'  disappearance 
data  for  the  first  six  hours  after  injection  by  the  sum  of  only  two  exponential  func- 
tions, however,  is  not  always  une(iuivocal.  In  normal  cases,  where  the  disappear- 
ance rate  of  Fe""  is  not  excessive  and  the  experimental  cur\  e  does  not  exhibit  a 
marked  change  in  the  slope  on  semilogarithmic  paper  during  this  initial  period 
of  six  hours,  eciually  good  approximations  (i.e.,  within  the  limits  of  experimental 
errors)  may  differ  widely  both  with  respect  to  the  exponents  and  the  coefficients 
of  the  two  exponential  functions.  The  respective  calculated  RBC  iron  tiu'ii- 
o\-ers  (see  Appendix  A,  ref.  2),  however,  may  not  differ  significantly.  This  is 
illustrated  m  Fig.  8  and  Tables  V  and  \l  for  patient  A.M. 

The  patient  A.M.  has  a  maximum  KBC  Fe''*  uptake  of  99  per  cent  and  exhibits 
no  hemolysis.  Thercfoic,  the  approximation  of  the  experimental  iron  59  disap- 
pearance data  for  the  first  ten  days  of  the  experiment  by  a  sum  of  three  expo- 
nential functions,  i.e.,  "the  first  approximation"  was  probably  the  correct  one, 
although  its  deviation  from  a  single  point  corresponding  to  /  =  3  days  was  larger 
than  expected.  The  subsequent  analyses  of  the  RBC  F^e^^  uptake  curve  and  of 
the  in  vivo  activity  over  the  bone  marrow  area  substantiated  this  assumption. 
The  "second  approximation"  with  the  exponential  function  325e~"  "°°^^'''  passing 
through  the  "off"  point  t  =  3  days,  and  neglecting  completely  the  subse(}uent 
experimental  results  was  used  only  as  an  example  of  relative  insensitivity  of 
RBC  iron  turnover  values  to  assumed  X3 .  When  hemolysis  is  present,  however, 
the  experimental  points  after  36  or  48  hours  may  have  to  be  disregarded  in  ap- 
proximations by  sums  of  three  exponential  functions.  As  an  example,  consider 
the  plasma  iron  disappearance  curves  on  two  subjects  with  hemolytic  anemia, 
C.L.  and  F.E.  (Fig.  9).  Here  o  and  •  stand  for  the  experimental  plasma  Fe^^ 
disappearance  data  on  subjects  C.L.  and  F\E.  respectively.  The  corresponding 
solid  lines  represent  the  theoretical  approximations  to  these  data  for  the  first 
two  days  by  the  sums  of  three  exponential  functions  (Table  VH).  Limiting  such 
approximations  to  the  experimental  data  for  only  the  first  two  days  is  justified 
insofar  as  during  this  time  the  RBC  F"e^^  uptake  (Fig.  9)  is  relatively  small,  and 
therefore  the  plasma  Fe'^  activity  due  to  possible  in  vivo  hemolysis  of  the  newly 
formed  radioactive  red  cells  may  be  disregarded.  The  difference  between  the 
experimental  and  and  calculated  plasma  activities  after  the  third  day,  however, 
becomes  significant,  and  in  the  case  of  the  subject  C.L.  is  denoted  by  a  -  -  a 
(Fig.  9).  The  broken  line  approximating  most  of  these  points  appears  to  follow 
closely  the  RBC  Fe-^^  uptake  values  □  (though  with  a  possible  shift  in  time). 
This  is  the  type  of  behavior  that  one  would  expect  from  the  plasma  radioactivity 
due  to  the  random  hemolysis  of  the  red  blood  cells  formed  during  the  experi- 
mental period.  Plasma  acti\  ity  due  to  red  cell  hemolysis  may,  several  days  after 
injection,  appear  as  an  approximately  constant  value.  This  does  by  no  means 
imply  the  presence  of  a  constant  term  in  the  isotopic  eciuation  of  plasma  F"e^^ 


354 


LENA  SHAHNEY  ET  AL. 


STUDIES  I\  IKON  KINETICS:  IV 


355 


disappoaraiico.  More  <i(MR'rally,  in  cases  of  instantaneous  intravenous  injection 
of  transferrin,  the  plasma  Fe'"'-' ecjuations  of  the  form  7  =  nic  +  a^c  + 
(•  or  q  =  aic'^^'  +  a-ye'^-'  +  ase'^'^'  +  c  (where  c  >  0  is  a  constant)  (!))  ai'e  in- 
admissible. l'"urthermore,  a  subtraction  of  a  constant  \  ahie  from  all  expei  imental 
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Fig.  8.  Experimental  jilasiua  Fe^'  disappearaiiee  data  on  A.M.,  during  the  fir.st  six 
hours  after  tiic  tracer  injection,  and  tiieir  approximation  by  sums  of  two  exponential 
functions. 

XXX  Experimental  data 

.  .-  .     Components  of  the  first  approximation: 

qi'  =  ai'e-^'''  +  a-2'e->^'''  =  29006-°  """'S'* '  +  45006-°  •°''2772  ( 
O  O  O  Second  approximation: 

qi"  =  «i"c-^'"'  +  aj'V^^"'  =  5800e-°°""'  +  U)00e-°-°"-»' 
O — O — O  Components  of  the  second  approximation: 

(A^   stands  for  a/e~^''' 

@   stands  for  a^'e'''^' 

(§)   stands  for  a,"?"^'' 

stands  for  a"e~^^'' 


plasma  values  may  make  it  impossible  to  analyze  the  resulting  curve  in  terms 
of  three,  rather  than  only  two,  exponential  functions.  It  should  be  further  noted, 
that  in  the  above  case  the  validity  of  the  approximating  equation  camiot  be 
checked  directly  by  comparing  the  experimental  uptake  data  with  the  theoretical 
data,  as  determined  in  the  case  of  A.M.,  since  the  latter  are  no  longer  functions 
of  the  "approximating  equation"  alone,  but  depend  also  upon  the  rates  of  he- 
molysis and  subse(iuent  reutilization  (after  appropriate  time  lag)  of  the  newly 
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formed  circulating  red  cells.  Such  appioximation  of  the  experimoutal  plasma 
Fe°'  data,  in  the  case  of  hemolytic  anemia,  l)y  a  sum  of  three  exponential  func- 
tions (Fig.  9,  solid  lines)  and  a  component  closely  following  the  RBC  Fc^^  up- 
take (Fig.  9.  broken  line  connecting  a-  -a)  does  not  take  into  account  the  re- 
turn of  radioacti\  e  iron  from  the  iron  stores.  The  experimental  value  for  maxi- 
mum RBC  Fe'^  uptake,  I',  on  subject  C.L.  was  0.40  (or  40  per  cent),  which 
means  that  the  total  activity  observed  in  the  red  blood  cells  of  the  patient  reached 

T.\BLE  V 

Experimenlal  Plasma  Fe"  Disappearance  Data  (First  Six  Hours)  on  A.M.,  and  Their 
Approximation  by  Sunis  of  Two  Exponential  Functions  (t  in  minutes) 

First  .\ppro.\imation : 

q'  =  2900e- -f-  4500e-<'o«''^'. 

Second  .\ppnj.\iination : 

q'  =  5800c-»        -f-  1600e-» 


First  approximation 

Second  -Approximation 

Column 

2 

3 

5 

6 

g 

9 

10  n 

Sampling  time  in 
min  (after  Fe" 
injection  J 

Kxperimcntal  values; 
counts  per  min.  i)er 
2  ml  of  plasma 

i 

I 

i 
i 

1  'I'lu'oretical  values: 
columns  2  +  i 

Deviations  from  expcri- 
ment.il  values  in 
counts/min/2ml: 
columns  1-4 

Deviations  from  experi 
mental  values  as  per- 
cent of  theoretical 
values  (column  4) 

§ 

1 

1  lieoretical  values: 
columns  2  -1-  3 

Deviations  from  experi- 
mental values  in 
counts/min/2  ml: 
columns  l-V 

Deviations  from  experi- 
mental values  as  i)er- 
cent  of  theoretical 
values  (column  9)  i 

0 

2900 

4500 

7400 

5800 

1600 

7400 

1 

5 

7253 

2812 

44.38 

7250 

-3 

0.0 

5685 

1577 

7262 

9  0.1 

10 

7141 

2726 

4.377 

7103 

-.38 

-0.5 

5573 

1554 

7127 

-14  -0.2 

22 

0942 

2531 

4234 

6765 

-177 

-2.6 

5312 

1501 

6813 

-129  -1.9 

30 

0573 

2409 

4141 

(5550 

-23 

-0.4 

5144 

14(57 

(5611 

38  -0,(i 

GO 

5850 

2000 

.3811 

5811 

-39 

-0.7 

4562 

1.344 

5906 

56  0.9 

90 

5149 

1G61 

.3806 

5167 

19 

0.4 

4047 

12.32 

5279 

130  2.5 

120 

4014 

1.380 

3227 

4607 

—  7 

-0.2 

.3589 

1130 

4719 

105  2.2 

180 

3705 

954 

2732 

3686 

-19 

-0.5 

2823 

949 

3772 

67  1.8 

24.3 

2900 

(>45 

2294 

2939 

39 

1.3 

2194 

791 

2985 

85  2.9 

318 

2283 

405 

1864 

2269 

-14 

-0.6 

1626 

636 

2262 

-21  -0.9 
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1988 

316 

1668 

1984 

-4 

-0.2 

1385 

567 

1952 

-36  -1.8 

a  maximum  (in  this  case  after  about  12  daj's)  and  formed  a  temporary  plateau 
at  40  per  cent  of  the  total  initially  injected  activity.  This  calculation  of  uptake 
does  not  take  into  account  the  continuous  random  destmction  of  the  newly 
formed  radioactive  red  blood  cells  and  the  time  required  for  the  reappearance 
of  the  activity  in  peripheral  circulation  (which  varies  from  approximately  1.0 
days,  due  to  the  "time  lag,"  to  about  12  days  required  to  achieve  "maximum 
uptake").  A  true  80  to  1(X)  per  cent  uptake  would  change  the  RBC  iron  turn- 
over, E3 ,  and  the  hemoglobin  renewal  values  for  the  initial  three-pool  model 
from  18.4  mg  day  and  1.4  per  cent  per  day  (Tables  VHI  and  IX  .subject  C.L.) 
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to  30.8  mg  day  and  2.8  per  cent  per  day  and  to  46.0  mg/day  and  'A..')  per  cent 
per  day,  respectively.  Similar  changes  would  take  place  for  the  values  calculated 
oil  the  basis  of  initial  two-  and  one-pool  systems,  since  in  all  (one-  and  twd  pdol) 
cases  considered  (Table  IX)  the  red  blood  cell  iron  tuinover  and  lu  iudiilohiu 
renewal  are  directly  proportional  to  maximum  Fe^'-'  ui)tak(".  hi  addition,  in  the 
case  of  assumed  80  and  100  per  cent  uptakes,  the  marrow  iron  transit  pool  \  alues 
Q3(ina,  Illb)  change  from  102.0  mg  to  129.0  mg  and  14:^.4  mg,  icspcctively, 
thus  accounting  for  larger  amounts  of  radioactivity  ictained  temporarily  in  the 
marrow  iron  transit  pool.  Therefore,  in  the  case  of  subject  C'.L.,  considerably 
smaller  amounts  of  Fe*^  than  the  above  40  per  cent  of  tlie  total  injected  ti-acer 

T.\BLE  \l 

Comparison  of  Some  of  the  Rcsulls  of  /he  Tiro-pool  Anali/xes  of  the  ExpcriittcntoJ  Plasma 
Iron  Disappearance  Data  [I'nlirnt  linsal  on  the  Two  Different  Appro.riniiiling 

Equalions  (Time  in  Minutes) 

-  =  0.392e-"'»«i88'  +  O.eOSe-^™^"! 
90 


-  =  0.784e-''  '»«'  -I-  0.216e-''  »°29! 
9o 


ki 

(per  minute) 

(per  minute) 

1  -  Ai2An 

Red  cell  iron 

turnover 
ki(l  -  AiiAu) 
X  UQi  X  1440 
mg  /day 

First  Appro .\imat ion 
q'/Qi,  =  0.392c-" '"'<'>«8< 

+  0.608e-»<'»2-72, 
t  in  minutes 

0.004079 

0.004814 

0.87.30 

21.65 

Second  Approximation 
q"/qo  =  O.lSAe-ooo" 

+  0.2ir)e-»»''29r 

t  in  minutes 

0.0037G 

0.00314 

0.9826 

22.47 

dose  are  transferred  to  the  stores  during  the  first  two  weeks  of  the  experiment. 
If  the  stores  are  large  (as  is  clinically  probable  for  subject  C.L.)  the  amount  of 
radioactivity  returned  to  the  transport  subsystem,  and  hence  to  plasma,  is  too 
small  to  interfere  with  the  approximation  values  due  to  the  three  exponential 
functions  of  the  plasma  Fe^^  disappearance  data  during  the  first  two  days  of  the 
experiment,  though  it  may  contribute  significantly  to  the  later  component  (Fig.  9, 
A-  -a)  . 

The  plasma  Fe"^  disappearance  data  on  four  normal  subjects  and  seventeen 
patients  were  analyzed  in  terms  of  four  different  three-pool  models,  as  illustrated 
above.  The  results  of  this  analysis  are  summarized  in  tables  MI,  VIII  and  IX. 

Table  VII  gives  the  constants  of  the  approximating  equations, 

qi/go  =  aie~^''  +  bie~^-'  +  Cif^"'; 
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i.e.,  Oi  ,  bi  ,  fi  ,  Xi  ,  X-2  ,  and  X3  as  well  as  the  ielati\  e  (traetional )  pool  rate  con- 
stants Ai  ,  k-2  and  h  (6),  for  the  models  Ila,  Ilia,  Illb,  R'a  (Fig. 

Table  VIII  gives  the  pool  sizes  in  mg  and  the  turnover  rates  E:i ,  E-2  and  Ei  , 
i.e.,  nig  of  iron  leaving  per  day  the  three-pool  system  through  pool  Q;i  ,  Q-^  and 


TIME   IN  DAYS 

Fig.  9.  Plasma  disappearance  and  liBC  Fe^"  uptake  data  on  two  .subject.s  with  lici)iol.\  t  ic 
anemia 

000  Experimental  plasma  Fe^'  di.xappearance  data  on  subject  C.L. 
•  •  •  Experimental  pla.sma  Fe='  disappearance  data  on  subject  F.E. 
□  -  -o-  -O  Experimental  PvBC  Fe'''  u])take  data  (in  whole  blood)  on  subject  C.L. 
■-  -■-  ■-  Experimental  RBC  Fe'^^  uiJtake  data  (in  whole  blood)  on  subject  F.E. 

 Approximation.s  to  the  experimental  plasma  Fe"  disappearance  data  of 

subjects  C.L.  and  F.E.  for  the  first  two  days  after  the  tracer  injection.  I)\ 
means  of  sums  of  three  exponential  functions 

aie~^i'  -I-  aie~>"'  +  aae"^"' 

A-  -A-  -A  Experimental  Fe'»  disappearance  data  (after  two  days  following  the  initial 
tracer  injection)  on  subject  C.L.,  minus  the  corresponding  theoretical  values 
of  the  ai)proximatin(j;  e(iuation. 

A-  -A-  -A  Experimental  Fe-''  (lisap]K'aranee  data  (after  two  days  following  the  initial 
tracer  injection)  on  subject  F.E.,  minus  the  corresponding  theoretical  valucs 
of  the  approximating  equation.  Since  only  two  points  are  available,  the 
line  is  at  best  an  approximation. 

Qi  ,  respectively.  It  should  be  noted  again  that  the  PJK'  iron  tmiiover,  7.  . 
is  always  the  same  for  all  models  considered. 

Finally,  Table  IX  compares  the  KBC  iron  turnover  values  derived  on  the 
basis  of  three-pool  analysis  with  tho.se  calculated  on  the  assmnptions  of  two-  and 
one-pool  systems  only. 

It  was  hoped  that  the  compari.son  of  various  pool  parameters  obtained  on  the 
basis  of  the  fom-  models  considered,  would  imc(|ui\ocally  lead  to  the  inodcl  of 
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choice.  Such,  however,  is  not  the  case.  The  KB("  iron  turnover,  /sn  ,  is  identical 
for  all  four  models;  the  amounts  of  iron  lea\  in<:;  tlie  reduced  system  for  the  stora52;e 
pools  are  the  same  for  three  of  the  four  models  (/-.'..(Ila)  =  ys-j(IIIa)  =  /'>'i(IVa)) 
and  are  roughly  proportional  to  tlie  \  alues  A^lIIIh)  obtained  on  tiie  basis  of 
the  fourth  pool  model  Illb  {neitluM'  set  of  values  appears  at  present  picferable 
to  the  other);  hnally,  the  pool  sizes  and  Q:i  ,  though  ditTeicnt  foi-  most  models, 
do  not  vary  significantly  from  each  other  (with  the  exception  of  (/j(IIIb)) 
and  do  not  form  at  present  a  valid  basis  for  separation.  If,  h()we\-er,  the  main 
purpose  is  to  determine  the  UHC  iion  turnover,  the  choice  of  an  optimal  model 
becomes  unnecessary  (see  above).  The  liHC  iron  turnover,  E.i  (for  any  of  the 
four  models),  can  be  obtained  diiectly  from  [',  Qi  and  the  constants  of  the 
approximating  eciuation, 

(where  Qi  is  in  mg.,  and  X's  are  per  minute). 

At  the  beginning  of  this  paper,  several  models  of  the  initial  transport  sub- 
system were  eliminated  from  consideration  on  the  ground  that  they  lead  to 
physiologically  untenable  values  in  the  two-pool  analysis.  That  this  is  also  true 
in  the  case  of  a  three-pool  analysis,  and  that  therefore  such  elimination  is  justi- 
fied, can  be  shown  by  applying  appropriate  cciuilibrium  conditions  to  pool 
constants  of  groups  II  and  lY,  respectively.  It  follows  that 

E-Al\h)  =  E:mh)  =  ^  ~  ^;^ff/";^^^g3(IIa,IVa). 

These  results  are  given  in  Table  X  for  nine  patients. 

Since  no  significant  hemolytic  components  are  present  in  these  patients,  the 
per  cent  hemoglobin  renewal  per  day  should  fall  within  normal  limits.  This  is  not 
always  the  case  for  the  models  lib  and  IVb,  even  after  allowing  for  errors  up  to 
ten  per  cent  each  in  the  determinations  of  Q\  and  f The  RBC  iron  turnover 
rates  assume  intermediary  values  for  the  remaining  models  of  groups  II  and  IV: 
when  r  is  high,  the  RBC  iron  turnovers  for  models  lie  and  IVc  will  approximate 
the  values  of  ifsdia,  H^a),  while  those  for  models  Ild  and  IVd  will  approximate 
the  values  of  £3 (lib,  Wh).  For  the  sake  of  completeness,  it  can  be  further  shown 
that  the  RBC  iron  turnover  for  the  remainder  of  the  sixteen  iron  transport  sub- 
systems is  the  same  as  for  the  four  models  originally  considered,  namely, 

Esda)  =  FAlh)  =  £\(Ic)  =  E-,{\^)  =  i?3(IIa)  =  FAWl^') 

=  E,{\\\h)  =  /^sdllc)  =  /^3(IIId)  =  /^adVa)  =  . 

A2 


The  comparison  of  RBC  iron  turnovers  and  per  cent  hemoglobin  renewals  de- 
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rived  on  the  basis  of  one-,  two-,  and  three-pool  analysis,  respectively,  indicates 
that  in  general  such  results  are  largest  for  one-pool  and  smallest  for  three-pool 
models.  This  conclusion  is  not  unexpected,  insofar  as  the  one-pool  model  takes 
no  account  of  iron  returning  to  plasma.  Similarly,  in  the  case  of  a  two-pool 
system,  though  iron  is  assumed  to  interchange  between  plasma  and  an  extra- 
vascular  labile  pool,  no  account  is  taken  of  iron  returning  from  the  marrow  iron 
transit  pool  to  the  transport  subsystem.  In  the  case  of  the  reduced  three-pool 
systems  corresponding  to  models  Ilia  and  Illb,  such  return  of  iron  from  the 

TABLE  X 

Comparison  of  ItBC  Iron  Turnovers  and  Percent  Red  Cell  Renewals  Calculated  on  the  Basis 
of  Models  Ila,  Ilia,  Illb,  IVa,  lib  and  IVb  Respectively  on  Four  Normal  Subjects  and 
Nine  Patients  with  .Vo  Significant  Hemoli/lic  Component 


See  Table  IX  for  one-  and  two-pool  data. 


Subject 

Diagnosis 

RBC  iron  turnover  in 
mg/day 

Percent  red  cell 
renewed /day 

II  II 

£a(IIb)  = 
£>(IVb) 

Models  Ila. 
Ilia,  Illb 
and  IVa 

Models  lib 
and  IVb 

E.A 

Normal  volunteer 

18 

9 

306 

1 

03 

16.6 

J.O. 

Normal  volunteer 

16 

8 

202 

0 

83 

9.93 

H.II. 

Normal  volunteer 

15 

3 

81 

1 

0 

82 

4.36 

A.T. 

Normal  volunteer 

24 

2 

94 

2 

1 

09 

4.22 

S.II. 

Cerebral  act-ident ;  normal  pe- 

13 

3 

40 

1 

0 

83 

2.52 

ripheral  hemogram 

A.M. 

Neurological  disorder;  normal 

14 

9 

36 

3 

0 

88 

2.14 

peripheral  hemogram 

E.H. 

Respiratory  infection;  normal 

20 

7 

39 

8 

1 

09 

2.09 

peripheral  hemogram 

FA. 

Cirrhosis  of  liver;  normal  pe- 

9 

8 

14 

2 

0 

82 

1.18 

ripheral  hemogram 

G.B. 

Polycythemia  vera 

26 

2 

48 

5 

0 

66 

1.23 

C.W. 

Polycythemia  vera 

18 

7 

35 

1 

0 

86 

1.62 

A.M. 

Treated  iron  deficiency  anemia 

9 

7 

14 

1 

0 

98 

1.48 

W.O. 

Hemochromatosis 

13 

6 

18 

9 

0 

1.07 

s.s. 

Aplastic  anemia 

1 

4 

2 

0 

0 

19 

0.27 

marrow  iron  transit  pool  Qz  to  plasma  pool  Qi  is  given  by  /,vli.-iQ.i(IIIa,  Illb)  in 
Table  IX.  In  the  last  column  of  Table  IX  AuiUla,  Illb)  represents  the  fiac- 
tion  of  total  iron  leaving  Qi  ,  which  returns  to  plasma  pool  Qi  .  In  analyzing  the 
results  of  Table  IX,  it  should  be  remembered  that  the  RBC  iron  turnover  (and 
therefore  per  cent  red  cell  renewal )  is  directly  proportional  to  the  maximum 
RBC  Fe**  uptake,  U,  for  all  cases  considered,  i.e.,  for  one-,  two-,  and  three-pool 
reduced  systems.  This  means  that  a  given  error  in  the  determination  of  the 
constant  U  will  result  in  the  same  per  cent  error  in  the  HHC  iron  turnover  foi- 
these  pool  systems.  In  normal  .subjects,  or  subjects  with  no  significant  hemolytic 
component,  such  errors  are  probably  well  within  ten  per  cent.  This,  ho\vev(>i-,  is 
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not  true  for  patients  who  exhibit  considerable'  hemolysis  (see  dicussion,  above, 
on  C.L.).  Therefore,  all  RBC  iron  turnover  and  red  cell  renewal  data  on  subjects 
A.d.,  L.B.,  B.R.,  K.M.,  V.K.  and  C.L.  may  be  consid(>rah!y  laif>er  than  recorded 
in  Table  IX  (Cf.  Table  XXVIII,  ref.  1). 

SUMMARY 

The  alternative  iron  metabohsm  models  discussed  in  the  previous  paper  {'A} 
are  reduced  to  four  acceptable  models  corresponding  to  the  two-pool  models 
Ila,  Ilia,  nil),  and  I\'a  (."),  (>)  of  the  iron  transport  subsystem.  Neglecting  the 
Fe"''  return  from  active  storage  pool  during  the  hrst  few  days,  the  Fe''*  turnover 
data  on  patient  A.M.  are  analyzed  in  detail  in  terms  of  the  initial  reduced  three- 
pool  systems  corresponding  to  each  of  the  four  two-pool  models  considered.  The 
results  of  similar  calculations  (including  the  determinations  of  HBC  iron  turn- 
overs and  various  pool  sizes)  are  tabulated  for  four  normal  subjects  and  seven- 
teen patients  with  various  blood  disorders.  In  addition,  HBC  iron  tui'iiovers, 
calculated  on  the  basis  of  initial  reduced  three-pool  systems,  are  compared 
with  those  obtained  from  the  analyses  of  two-  and  one-pool  systems,  respectively. 
Such  comparisons  indicated  increasing  KBC  iron  turnover  values  with  decreasing 
numbers  of  initial  pools.  This  is  interpreted  as  due  to  the  disregard  of  the  return 
of  radioactive  iron  to  the  two-  and  one-pool  systems.  It  is  further  concluded  that 
in  most  cases  (including  the  four  alternative  reduced  three-pool  models  Ila, 
Illa,  Illb  and  IVa  of  the  initial  iron  metabolism),  the  RBC  iron  turnover  is 
independent  of  the  particular  model  considered.  It  can  therefore  be  expressed 
directly  in  terms  of  maximum  KBC  iron  uptake,  U,  total  plasma  iron,  Qi ,  and 
constants  of  the  approximating  eciuation 

^  =  a^i'-^''  +  b,e-^''  +  cie"'-^': 
KBC  iron  turnover  =  — =  — -- — ; — — ■  — —  m  mg/umt  time. 

A  2  aiA2A.'!  +  O1A1A3  +  C1A1A2 
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APPENDIX 

To  determine  the  RB("  iron  tmiiover  in  terin.-^  of  f ',  Qi  and  the  constants  of 
the  appro.ximating  ecjuation,  it  i.s  necessary  to  substitute  the  appropriate  expres- 
sions (given  in  the  calculation  schemes  for  pool  constants  for  different  three- 
pool  models)  for  the  constants  of      =  A^-loaQa . 

In  the  case  of  Models  Ilia  and  Illb  this  becomes: 

E,illl)    =   /.•.3(III).-lu.,(III)Q:,(III)    =   AvlosQl   =   /.iQl.-l  0.3.1 31 

A-,A-2(III)A-3(III).l„(ni)  ^'        X2  ' 

In  the  ca.se  of  .Models  I  la  and  Ha: 

£VIIa)  =  A-3(II,n').4o3aia)Q3(IIa)  =  ,  Qi 

A-3(l  -  .42.3.4,32) 

_  y.  Q    <  1    —  .423).4o3  _  ].  Q  -432  —  .423^132  _  j.        ^  ~  '^12  ~  -^02  "  .49.3-432 


=  A  iQ,  (l 

Since 

Ao(II,IV)A-3(II,IV) 
this  beconies 

K  ilia) 

Similarly: 

A'sdVa)  =  A-3(II,IV).lo3(IVa)C?3(IVai  =  A ,.4 03 ^-^^^^  Q, 

A"3  1    —   .4  23-4  32 


.4o.vl32  1  —  -4  23-4  32  1  —  Al^Azl 

1  -  -423-43J  =    y      1  -  .1.-1:. — / 


2.421    _     <i  -  r)6-3  \ 

.423-4.(2         AlA-2A-3(l   —  .423^32/  ' 


1   -  -4  «^  32(11,1  V)  ' 

V  1    -  .423-432(II,IV)  A-,X2  / 
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,   ^      .4o:i«42i.  i32  ,    „    .4  21-1 32  —  -1 21-4  2:1.4  ;i 


1   -  .4  23/1 32  1   -  A^A,. 

/.^Q^'^ni  I- An)  -.421.423.4  32  _         1  -  .4 01 -.4 12.4 21-  (  1  -  .4oi ). 4 23-4 32 


A-iQi 


1    —   .423-432  1    —  .423.432 

.4,,.   -   .4  12.1 21   -   .4  23.4  32  +  /loi.42:,.432 

1  -  Ao,A,, 


,  ,,  /  .4,2.42i(II,IV)  (1  -  U)sA  .  ^. 

V  ~  1  -  .423.4  32(II,IV)  -      A1X2  ) 


.Model  Ila. 
Hence, 


,TT  TV  >      n[i         Ai.4i2.42i(II,IV)        (1  -  C7)S3"| 
EAUa,l\a)  =      [A,  -  ,  _  ^^^^  ^^^^^  „      )  "       .Y2  J 

^  r,       /,i/,-.,/,-3(II,IV).4,..4.n(II,IV)  d-D-s:,"! 

r "  X2  ^^^J- 

Substituting  the  appropiiate  expressions  for  .4i2.42i (II,IV)  and  A^.  one  gets 
,  ,  ,   /.S3  -  S2A-1  +  A-i'(A-o  +  A-3)\ 

V  w-2(Ai-A-3) — ; 


^3(IIa,IVa)  =  (h 


.  .M-..W,.    „.w      /    (1  -  r)s3 

 .Y2 


rA-i(A-iA-2A'3  -  A2A3'  -  S2A3  +  S3  +  A1A3'  +  A2A3' 
L  X2(Ai  -  A-3) 

A-3(S3  -  S2A1  +  A-i'A2  +  Ai'A-^  _  (1  -  msi] 

X,  J 


X2(A-i  -  A3) 


XX-i  X2      /  X2 


Hence 


£-3  (Ila)  =  E,(lUa)  =  E,{mh)  =  A'3(IVa). 


Similarly  it  can  be  shown  that  ^-,'2 (Ha)  =  £'2(IIIa)  =  A\(IVa). 
In  particular 

^:2(IIIa)  =  A2(III  ).4o2(III)(?2(III)  =  A-2.4o2  J- .421Q1 
=  A-iQi(  1  -  .4 12). 4 21  =  AiQ:(.42i  -  .4i2.42i) 

=  Q,  ^-1^1  -  U)^^  =  (1  -  U)s,Q, 
kikolc^  X2 
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Hence  for  model:>  Ila,  Ilia  and  IVa,  the  total  iron  turnover 
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Studies  ill  Iodine  Metabolism 


I.  Initial  Miscible  Iodide  Pool* 

liOBKHT  LLOVI)  SKCJAL,  M.l).,  LENA  SHARNEY,  Ph.D.,  MAHLYS  H.  WITTE, 
IM.l).,  SOLOMON  SILVEH,  M.D.,  and  ALLAN  E.  DUMONT,  M.D.f 

Xew  York,  N.  Y. 

The  last  fifteen  years  have  witnessed  considerable  advances  in  the  investiga- 
tion of  iodine  metabolism.  The  improved  isotopic  tracer  techniques  have  made 
it  possible  to  follow  1'^'  disappearance  (as  iodide)  from  plasma,  as  well  as  its 
excretion  in  urine  and  uptake  by  the  thyroid  gland  (5,  6,  18,  44,  46,  55,  63,  6(), 
70,  71,  72,  79,  85,  108).  Methods  for  determining  "I'^^  dilution  space"  and  urinary 
and  thyroidal  plasma  clearances  have  been  devised  (6,  40,  52,  62,  65,  79). 
The  appearance  of  protein  bound  I'^'  in  plasma  was  measured  cjuantitatively 
(5,  8,  9,  21,  35,  39,  40,  67,  79,  99)  and  the  "dilution  distribution  spaces"  and 
rates  of  degradation  of  both  endogenously  and  exogenously  labelled  thyroid 
hormone  were  determined  (2,  5,  21,  27,  40,  47,  79,  83,  102,  103).  Most  of  these 
measurements  found  direct  clinical  application  in  delineating  various  thyroidal 
states.  Further  work  combining  tracer  and  electrophoretic  technicjues  in  the 
study  of  hormonal  interactions  (principally  sodium-l-thyroxine  and  triiodo- 
thyronine) and  cellular,  as  well  as  extracellular  (TBG,  TBPA,  etc.)  (25,  26,  40, 
75,  80,  83)  thyroxine-binding  proteins,  is  in  progress.  This  wealth  of  information, 
however,  fails  to  give  an  overall  picture  of  iodine  dynamics.  Most  of  the  above 
studies  and  observations  are  applicable  to  only  a  limited  phase  of  iodine  metab- 
olism at  a  time,  i.e.,  to  "iodide  space"  or  to  the  rate  of  hormonal  degradation, 
etc. 

It  is  the  purpose  of  this  series  of  papers  to  develop  the  tools  or  methods  which 
would  allow  us  to  treat  the  dynamic  aspect  of  iodine  metabolism  as  a  single 
entity  or  a  unified  whole.  Such  a  plan  implies  the  exact  formulation  of  a  mathe- 
matical model  or  models  which  would  reflect  the  dynamics  of  iodine  metabolism 
(i.e.,  of  iodine  distribution  and  movement),  as  revealed  in  tracer  experiments. 
Several  mathematical  iodine  metabolism  models  have  been  formulated  by  G.  L. 
Brownell  (9,  10),  T.  H.  Oddie  (68,  69),  and  others  (5,  13,  30,  85).  In  most  of 
these  models,  however,  various  component  pools  (such  as  all  iodide  or  all  extra- 
thyroidal  thyroxine  compartments)  are  lumped  together.  Such  models  cannot 
give  good  approximations  to  experimental  data  and  fall  short  of  the  desired  goal. 

As  in  the  case  of  plasma  Fe'^  disappearance  curves  (74,  91,  94),  plasma  radio- 
iodide  and  plasma  radiothyroxine  disappearance  data  can  be  best  appro.ximated 
by  sums  of  exponential  functions  (89,  90,  92,  93).  The  general  theory  of  formula- 
tion of  corresponding  mathematical  pool  systems,  as  well  as  the  mathematics 
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iK'C(>s«uy  to  haiuUc  sucli  models  are  iliseussed  at  leiigtli  in  "The  multiple-pool 
analysis  in  tracer  studies  ot  metabolic  kinetics"  (92).  For  convenience,  the 
necessary  hypotheses  and  definitions  (with  special  emphasis  on  three-pool  sj'^s- 
tenis  of  iodide  and  extratliyroidal  thyroxine  metabolism)  are  summariz(>d  in  the 
fourth  paper  of  this  series  (90).  The  resulting  pool  concepts  are  general  and 
apply  to  any  system  subject  to  the  postulated  conditions.  Hefoic  the  final  formu- 
lation of  a  multiple-pool  model  (or  models)  of  a  given  mctalxilic  system  can 
take  place,  certain  specific  additional  assumptions  and  information  about  the 
number,  anatomical  distribution  and  mutual  interactions  of  various  component 
pools  of  the  metabolite  must  be  estal)lislu>d.  In  the  case  of  iron  metabolism,  such 
data  were  accumulated  o\  er  a  period  of  years  by  \arious  workers  in  th(>  field 
(34,  73,  74,  91,  95,  110).  The  particular  problems  which  form  the  subject  matter 
of  these  studies  in  iodine  metabolism  are  as  follows: 

1.  Identification  and  "anatomical"  d(>lineati<)n  of  the  initial  miscililc  iodide 
pool,  i.i'.,  of  the  compartment  including  plasma  and  red  cell  mass,  thiougli  whicli 
the  intravenously  injected  radioiodine  tracer  is  "instantaneously  disti  ibuted." 

2.  and  3.  Approximation  by  appropriate  three-pool  mod(>ls  of  the  (2)  inorganic 
and  (3)  protein-bound  phases  of  iodine  metabolism,  lespectixely,  as  Avell  as 
tentative  identification  of  the  various  compartments  iii\ ohcd. 

4.  Simultaneous  investigation  of  inorganic  and  protein  bound  phases  of  iodine 
metabolism  bv  nutans  of  a  speciallv  deN  eloped  d()ul)le  isotope  counting  techniciue 
(17). 

When  tracer  doses  of  jadioactive  or  labelled  metabolites,  such  as  sodium  I''" 
as  iodide,  I'^'-labelled  sodium- 1 -thyroxine  or  Fe"-transf'errin,  are  injected  intra- 
venously, and  followed  l)y  serial  sampling  of  plasma  radioactivity,  the  initial 
distribution  space  of  such  substances  can  be  derived  from  the  knowledge  of  the 
initial  radioactivity  of  the  injected  material.  The  initial  plasma  radioactivity 
can  be  determined  by  extrapolating  experimental  jjlasma  ladioact i\ ity  to  zero 
time  (i.e.,  time  of  injection).  In  the  case  of  I'e ''-transferiin  and  1 '"-labelled 
sodiuni-1 -thyroxine,  the  distribution  volumes  of  the  initial  miseible  accessible 
iron  or  thyroxine  pools  approximate  that  of  total  plasma  (7i),  94).  This,  however, 
is  not  the  case  when  radioiodide  is  injected  intravenously  as  sodium  I'".  (To 
prevent  the  formation  of  elemental  iodine,  Ij ,  and  hence  the  binding  of  I"" 
to  plasma  proteins,  the  injection  dose  is  prepared  in  saline  containing  minute 
amounts  of  XaHSO. .)  When  the  total  injected  acti\  ity  is  dix  ided  by  the 
extrapolated  activity  per  milliliter  of  plasma  at  zero  time,  the  resulting  "extended 
plasma"  volume  (i.e.,  tlie  distribution  volume  of  the  imlial  nnscil)le  iodid(>  pool) 
exceeds  the  combined  volumes  of  plasma  and  red  cell  mass.  The  ratio  of 
activity  per  imit  volume  in  red  cells  to  that  in  plasma  assumes  a  constant  ^•alue 
of  approximately  0.()8  ((il)  within  the  first  minute  after  injection.  Such  (juick 
equilibration  may,  for  practical  purposes,  be  labelled  as  "instantaneous,"  indi- 
cating that  both  plasma  and  red  cell  mass  participate  in  th<>  same  initial  miseible 
iodide  pool.  The  average  plasma  and  red  cell  values  per  kilogram  of  weight  in 
normal  male  and  female  subjects  are  assumed  to  be  43.1  34. (>  and  41..')  21.(), 
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respectively*  (22).  Using  the  1'^'  activity  ratio  of  red  cells  to  plasma,  R  =  ().()8, 
we  can  calculate  the  average  amount  of  the  "extended  plasma"  \()lume  which 
is  derived  from  plasma  and  red  cells:  this  becomes  4:^.1  +  0.08  X  ■'W.*)  =  ()().(> 
nil.  kg  and  41.5  +  O.fiS  X  24.0  =  58.2  ml,  kg  for  male  and  female  subjects, 
respectively.  If  we  allow  for  30  per  cent  (107)  variation  in  either  direction,  we 
get  a  range  of  40.5-88.0  ml  kg.  Table  I  gives  the  "extended  plasma"  volume  in 
nine  euthyroid  sub,ic(  t>;  these  values  fall  well  outside  of  the  calculated  normal 
range  for  plasma  and  red  cells. 

To  demonstrate  that  the  apparently  large  size  of  the  initial  miscible  iodide 
pool,  or  the  "extended  plasma,"  is  not  an  artifact  tlue  to  the  introduction  into 
the  plasma  of  "exogenous"  inorganic  sodium  iodide,  the  following  plasma 
disappearance  experiments  were  performed: 

1.  In  three  cases,  radioiodide  was  incubated  for  30  minutes  with  patient's 
plasma,  prior  to  injection. 


T.\BLE  I 

Determination  of  "Extended  Plasma"  Volume  on  Nine  Euthyroid  Subjects 


Subject 

"Extended  plasma"  in  ml 

Volume  in  ml  kg 

A.C. 

8490 

125 

L.C. 

8G40 

115 

CD. 

4500 

95 

R.M. 

8040 

133 

V.M. 

7170 

109 

A.M. 

7530 

87 

A.O. 

()2()0 

100 

R.P. 

4740 

91 

P.Z. 

7950 

135 

2.  In  three  cases,  the  P^'  injection  mixture  was  obtained  by  giving  large  oral 
dosages  of  I'^',  as  iodide  (such  as  for  radiation  thyroidectomy  in  angina  pectoris, 
etc.)  to  donors,  and  collecting  radioactive  blood  samples  30-45  minutes  later. 
The  latter  were  centrifuged  under  sterile  conditions  and  the  plasma  used  as 
"J131  injection  mixtures"  for  suitable  recipients.  P'or  convenience,  such  iodide 
radioactivity  will  be  referred  to  as  "endogenous  I"*V'  ii^  contradistinction  to 
"exogenous  P^'"  in  saline  solution.  The  initial  miscible  iodide  pools  calculated  in 
terms  of  "extended  plasma"  volumes  on  the  basis  of  the  last  two  experiments  do 
not  differ  significantly  from  those  determined  after  an  intravenous  injection  of 
"exogenous  P^'." 

In  an  effort  to  delineate  the  "anatomical"  extent  of  the  initial  iodide  pool, 
i.e.,  of  the  compartment  throughout  which  the  radioiodide  is  "almost"  instan- 
taneously distributed  before  it  begins  to  penetrate  into  the  rest  of  the  body  water, 

*  In  the  above,  the  red  cell  values  were  obtained  from  pla.snia  values  by  means  of  the 
hematocrits  and  may,  therefore,  be  exaggerated. 
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the  following  siiuultancous  plasma  and  lymph  cxpciinuMits  wvvv  performed  first 
on  a  series  of  dogs,  and  later  on  fonr  patients,  in  eaeh  ease  tlu>  tlioraeie  duct 
was  cannulated  (in  dogs  according  to  the  proccdmc  described  in  Ivxperimental 
Surgery  by  J.  A.  Markowitz,  .).  Archibald,  and  11.  ('..  Downie  (.Vl),  (page  (i83); 
in  luimans  according  to  the  method  of  l.intler  and  Hlomstrand  (Ki,  i'>0))  prior 
to  the  intravenous  injection  of  radioiodide,  and  serial  blood  samples  were  with- 
drawn at  convenient  intervals  of  time.  Since  lymph  was  flowing  continuously, 
lymph  samples  were  collected  at  liist  oxer  suc('essi\-e  one-  or  two-minute  inter- 
vals, followed  later  by  intermittent  two-  or  fi\('-minute  collections.  Blood  and 
lymph  sampling  covered  the  period  from  zero  time  to  120-150  miiuites.  Both 
lymph  and  either  plasma  or  whole  blood  samples  were  then  measured  and  counted 
in  the  standard  manner  in  a  well-type  scintillation  counter.  In  the  case  of  lymph, 


2  2.000- 

2  0  30  60  90 

TIME  IN  MINUTES 
Fig.  1.  Hadi<):ictivit.\-  in  plasma  and  l\inpli  of  a  dof^  after 
I'"  a.s  iodide,  following  tlie  thoracic  duct  cannuiat  ion. 

•  —  •  —  •  HadioacI  ivil  \  in  pia.-<ni; 
O-  -O-  -O    Hadioactivily  in  lymph 


intra venou.s  in.iection  of 


the  time  which  had  elapsed  Ix'tween  the  injection  and  the  middle  of  the  col- 
lection period  was  corrected  for  the  time  lag  due  to  the  lymph  contained  in  the 
polyethylene  catheter.  This  was  done  by  measuiing  the  flow  late  of  the  lymph 
and  the  inner  volume  of  the  tubing.  The  plasma  disappearance  data  and  the 
corresponding  (corrected  for  time)  I'^'  appearance  and  disappearance  values  in 
central  lymph  are  plotted  again.st  time  for  one  dog  and  for  one  representative 
liuman  .subject  in  l'"igures  1  and  2,  respectively.  In  dogs,  the  maximum  activity 
in  lymph  is  usually  achie\-ed  after  8  to  12  miiuites,  soon  after  which  both  plasma 
and  lymph  radioactivity  cur\cs  become  parallel  on  semilog  paper,  with  lymph 
activity  approximating  that  of  jjla.sma.  In  man,  the  time  of  maximum  radio- 
activity in  lymph  is  achieved  .somewhat  later,  and  is  appioximately  I.")  to  2.") 
minutes  in  the  case  of  the  human  subject  in  Figure  2.  These  results  exclude  cen- 
tral lymph  as  a  possible  participant  in  the  initial  miscible  iodide  pool.  Whether 
the  iodide  in  the  peripheral  lymph  l)eds  exhibits  the  .same  dynamic  behavioi'  as 
that  in  plasma  and  I'cd  cells,  or  whether  it  foiins  a  part  of  the  same  c()mi)artment 
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as  central  lymph,  remains  to  he  investigated  and  is  a  prohlem  heyond  the  scope 
of  this  study. 

It  has  long  been  known  that  tissues  other  than  the  thyroid  gland  have  the 


60  90  120 

TIME  IN  MINUTES 

Fig.  2.  Radioactivity  in  plasma  and  lymph  of  subject  R.P.,  after  an  intravenou.s  in- 
jection of  I'"  as  iodide,  following  the  thoracic  duct  caniuilation. 

•  —  •  —  •    Radioactivity  in  plasma. 
O  O  C    Radioactivity  in  lymph. 


E  100,000 
^  50.000 
I  30,000 
2  0,000 


5,000- 
3,000- 
2,000- 


500- 
300 
200 


0  5  10  15  20  '  '30.6  '  '  190  200  210 

TIME   IN  MINUTES 

Fig.  3.  Radioactivity  in  plasma  and  in  gastric  juice  of  the  normal  subject  R.V.,  follow- 
ing an  intravenous  injection  of  I'-^'  as  iodide. 

•     •     •     Radioactivity  in  plasma. 
O — O — O    Radioactivity  in  gastric  juice. 
The  difference  in  the  initial  Plasma  I'"  disappearance  data  in  Figures  2  and  3,  is  due  to  a 
perivascular  leakage  of  tracer  in  subject  R.^'.  during  the  injection  period. 


ability  to  concentrate  iodide  (11,  29,  32,  33,  51).  Riggs  in  "Iodine  Metabolism 
in  ^lan"  (79)  assumes  that  all  the  iodine  in  the  body  is  contained  in  three  sepa- 
rate compartments,  the  "inorganic  iodide"  compartment  containing  "all  the 
inorganic  iodide  in  the  body,  including  the  iodide  in  the  secretions  of  the  alimeii- 
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tary  tract,  the  iotlidc  in  red  blood  colls,  and  iodide  which  is  present  in  the  thyroid 
gland,  and  which  has  not  yet  been  incorporated  into  protein."  It  is  generally 
assumed  that  the  appearance  of  radioiodide  in  gastric  mucosa  secretion,  saliva 
and  thyroid  gland,  though  rapid,  is  not  "instantaneous."  For  the  purpose  of 
multiple-pool  analysis,  ho\ve\cr,  such  appearance  of  the  radioactivity  in  any 
part  of  the  initial  iodide  pool  after  injection  is  "instantaneous"  (88,  92)  if 
its  nia.ximum  activity  is  attained  during  the  mi.xing  time  of  I'^'  in  plasma,  and 
if  its  subsequent  steady-state  behavior  parallels  closely  the  activity  in  plasma. 
According  to  Honour,  Myant  and  Rowlands  (32)  the  maximum  ratio  ot  activity 
in  gastric  juice  to  that  in  plasma  does  not  usually  occur  until  at  least  :^0-60 
minutes  after  the  intravenous  I""  injection.  Our  own  observations  indicate  that 
the  maximum  I'^'  activity  (not  ratio)  in  gastric  juice  is  achie\  ed  within  three  to 
eight  minutes  (Fig.  3).  This  initial  delay  could  be  attributable  to  purely  me- 
chanical factors  incident  to  the  collection  of  the  gastric  samples.  The  increase 
in  the  ratios  of  activity  in  gastric  juice  to  acti\  ity  in  plasma  with  time  is  fully 
discussed  by  Honour,  ]\Iyant  and  Rowlands  (32)  in  terms  of  changes  in  the 
"dead  space  not  drained  directly  by  the  stomach  tube."  Once  the  gastric  juice 
has  been  secreted  from  the  mucosal  surface,  it  can  no  longer  contribute  to  the 
initial  miscible  iodide  pool — in  the  sense  that  its  egress  is  not  readily  icncrsihlc. 

The  same  considerations  apply  to  iodide  initiallj^  trapped  by  othei  iodine 
concentrating  tissues  (thyroid,  salivary  glands  (11,  nS,  79),  kidney  (52,  oo),  and 
possibly  bronchial  mucosa)  after  its  release  from  the  trapping  site  into  an  area 
outside  the  plasma  space  (analogous  to  the  lumen  of  the  stomach,  the  thyroid 
follicle,  the  ducts  of  the  salivary  glands,  the  urinary  collecting  system,  possibly 
the  tracheobronchial  tree,  choroid  plexus,  etc.).  From  in  vivo  (26)  and  in  vitro 
(14,  1."),  79)  studies  of  the  kinetics  of  inhibition  of  iodide  trapping,  one  may 
postulate  that  .such  iodide  concentrating  sites  form  a  part  of  the  initial  miscible 
iodide  pool  in  the  sense  that  there  is  an  "instantaneous"  e(iuilibrium  with  the 
plasma,  perhaps  through  the  mediation  of  .some  rapidly  e(|uilil)rating  interstitial 
fluid.* 

The  (luantitative  contribution  of  each  of  the  iodide-trapping  sites,  in  spite 
of  a  high  local  concentration,  may  be  small  compared  with  iodide  in  plasma  and 
red  cells,  but  the  cumulative  effect  of  all  such  tissues,  although  exact  numerical 
values  are  not  available,  may  be  considerable. 

In  summary,  the  initial  miscible  iodide  pool  consists  of  plasma  iodide,  red 
cell  iodide,  iodide  in  the  trapping  .sites,  and  possibly  an  anatomically  undefined 
volume  of  rapidly  equilibrating  interstitial  fluid. 
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II.  Three-Pool  Systems  of  Iodide  Kineties* 
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ANTONIO  OIliOLAMI,  M.l).,  and  A.  ROBKRT  BECK,  M.I). 

New  Yurk,  X.  y. 

In  trying  to  fornuilate  a  nuiltiplc-pool  model  of  normal  iodide  metabolism, 
it  is  important  to  realize  tliat  one  is  not  dealing  with  a  steady-state  system. 
While  the  iodide  tlerived  from  (90)  the  hormonal  degradation  may  be  released 
into  the  iodide  subsystem f  at  a  constant  absolute  rate,  the  iodide  ingested  with 
the  food  is  introduced  in  various  amounts  at  discrete  intervals  of  time.  As  a 
rule,  the  average  daily  intake  of  iodide  exceeds  the  amovnit  of  endogenously 
derived  metabolite.  As  an  example,  consider  the  case  where  .")()  ^ug  of  iodide  are 
released  daily  from  the  degraded  hormone  and  7.5  /ug  are  excreted  as  thyroxine 
in  feces  (40),  and  that  only  35  per  cent  of  iodide  lea\-ing  the  inorganic  system 
is  taken  up  by  the  thyroid  gland,  while  the  remaining  65  per  cent  is  excreted  in 
urine.  The  average  daily  iodide  ingestion  can  then  be  calculated  as  follows: 
total  amount  of  iodide  utilized  for  hormone  formation  is  equal  to  the  amount  of 
iodine  in  the  thyroxine  which  is  degraded  and  excreted  =  50  ng  +  7.5  fig  = 
57.5  Mg  =  -a-J  P<^'i'  ctnit  ot  iodide  leaving  the  inorganic  iodide  system  per  day. 
Hence,  the  daily  amount  ingested  is  eciual  to  the  amount  leaving  the  iodide 
system  minus  the  iodide  derived  from  hormonal  degradation,  i.e.,  57.5  X  (100/ 
35)  -  50  =  114.3  Mg. 

The  tracer  beha\'ior  of  such  a  non  steady-state  system  is  amenable  to  a  mathe- 
matical analysis  in  terms  of  linear  sums  of  exponential  functions,  only  if  it  is  a 
first  order  system.  This  means  that  all  rele\-ant  reactions  or  transfer  rates  are 
first  order  processes  and  must  be  proportional  to  the  amount  of  the  metabolite 
in  the  compartment  or  pool  from  which  such  reactions  or  transfers  originate. 
That  the  inorganic  iodide  metabolism  is  subj(>ct  to  this  law  follows  in  part  from 
the  fact  that  plasma  1'^'  disappearance  data  can  be  approximated  (dui-ing  the 
first  10  hours  of  the  experiment)  by  a  sum  of  three  exponential  function^ 

aiC~^''  +  a-iC^-'  +  0:3"''^'. 

regardless  of  the  initial  fasting  state  of  the  subject  or  the  subsequent  times  at 
which  meals  are  served  to  the  patients  (though  no  blood  specimens  should  be 
drawn  immediately  following  water  or  food  ingestion).  On  the  other  hand,  there 
exists  independent  experimental  evidence  supporting  the  contention  that  iodide 
metabolism  is  a  first  order  reaction  system.  Riggs  (79)  describes  an  experiment 

From  the  Andre  Mcvi  r  1  )c])artnient  of  Physics  and  the  Department  (if  Medicine,  The 
Mount  Sinai  Hospital.  New  ^Ork,  N.  Y. 

*  Supported  by  Public  Health  Service,  National  Cancer  Institute  (Irant  C-;39(»l. 

t  The  system  describing  iodine  metabolism  can  be  separateil  into  three  distinct  parts: 
Iodide  subsystem,  thyroxine  in  the  thyroid  gland  and  extra-thyroidal  thyroxine  subsystem 
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where  renal  excretion  of  iodide  i^^  measured  repeatedly  over  a  period  of  more 
than  30  hours  after  a  meal.  After  \r>-20  hours,  the  rate  of  excretion  approaches 
a  fairly  constant  value.  If  this  asymptotic  secretion  value  is  subtracted  from 
preceding  experimental  values,  the  resulting  data  form  a  straight  line  (corre- 
sponding to  a  single  exponential  function)  on  the  semilog  paper.  This  would 
indicate  a  renal  excretion  rate  proportional  (within  physiological  limits)  to  the 
sum  of  the  iodide  remaining  in  the  s\'stem  from  the  initial  ingestion  and  the 
"steady -state"  iodide  (the  constant  amount  of  iodide  which  is  present  as  the 
result  of  the  degradation  of  thyroxine). 

According  to  D.  8.  Childs  ct  al  (12),  an  addition  of  P'^  carrier  (up  to  2  gm) 
has  no  effect  upon  "the  proportional  renal  excretion  rate  of  iodide,"  and  in  most 
of  their  thyroid  uptake  studies,  the  dose  of  I'-"  in  the  range  of  0  to  0.1  mg  "made 
little  difference  in  the  results."  Tlie  lack  of  a  stead\'-state,  or  dynamic  equilib- 
rium, in  the  metalx)lism  of  iodide  makes  it  impossible  to  determine  the  size  of 
any  of  the  component  pools  at  a  given  time  from  the  knowledge  of  the  I'^'  dis- 
tribution in  various  iodide  pools,  the  exact  amounts  of  iodide  lost  to  the  thyroid 
gland  and  to  the  kidneys,  and  the  iodide  acquired  through  the  degradation  of 
the  hormone.  Even  the  relative  .sizes  of  the  component  pools,  though  less  variable 
(except,  possibly,  immediately  after  ingestion  of  iodide),  are  subject  to  constant 
changes.  Therefore,  the  best  that  can  be  hoped  for  is  an  "average"  value  of  the 
initial  niiscible  iodide  pool  in  terms  of  ^g,  which  would  be  the  value  of  the  pool 
under  the  conditions  of  a  steady-state,  i.e.,  if  the  total  ingested  iodide  entered 
the  system  at  a  constant  rate.  The  amounts  of  iodide  in  other  component  pools 
would  follow  of  necessity'  from  assumed  equilibrium  conditions.  It  should  be 
further  noted  that  iodide  concentration  in  plasma  may  not,  in  general,  be  propor- 
tional to  the  total  amount  of  iodide  in  the  initial  miscible  iodide  pool  (except 
possibly  during  a  period  of  fasting),  and  that  the  .size  of  such  an  "extended 
plasma"  pool  (87)  may  vary  with  time  after  each  ingestion  of  iodide.  This  may 
reflect  the  fact  that  the  P^'  concentration  ratios  of  gastric  juice  and  possibly 
gastric  mucosa  to  plasma  (29,  31,  32)  and  of  saliva  to  plasma  (11,  32)  decrease 
considerably  (as  much  as  tenfold  and  more)  after  largo  do.sages  of  I'-'  carrier. 
Under  such  conditions,  the  contribution  to  the  "extended  plasma"  volume  of 
iodide  by  the  ga.stric  mucosa,  salivary  glands  and  other  presumed  iodide  con- 
centrating tissues  may  differ  significantly.  This  can  be  restated  by  noting  that 
the  magnitude  of  the  initial  miscible  iodide  pool  expressed  in  /ig  may  vary  in- 
versely with  the  Aolume  of  the  "extended  plasma"  pool  after  a  massive  do.se  of 
J127  carrier.  Subsefiuently,  we  refer  to  the  inagnitudes  of  the  component  pools  of 
iodide  metabolism  in  terms  of  their  "average"  contents  ot  iodide,  i.e.,  in  micro- 
grams. 

In  studying  the  dj'namics  of  iodide  metabolism,  the  obvious  initial  approach 
is  to  inject  intravenously  a  tracer  dose,  r/o ,  of  radioiodide  and  to  follow  the 
r^'  disappearance  from  plasma  by  .serially  sampling  the  subject's  blood  or  plasma 
(for  radioactivity).  Additional  information  can  be  obtained  by  simultaneous 
in  vivo  counting  over  various  body  sites  and  by  determining  the  accumulation 
of  radioactivity  in  urine. 
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The  cxpcrinuMital  proccciures  used  in  this  study  aic  staudai'tl.  Tlic  injection 
dose,  in  case  of  "exogenous  iodide"  (87),  was  prepared  by  (hUitinii  sodium  iodide 
(I''')  with  saline  to  an  approximate  activity  of  1  ">  /iC  nil.  Aftei'  stcnlization,  and 
just  prior  to  injection,  small  amounts  of  XaHSOj  were  added  to  the  injection 
mixture  to  prevent  formation  of  elemental  iodine  (5  10  mg  are  more  than  suffi- 
cient for  10  cc  of  the  dose).  A  3  cc  dose  (containing  40-.jO  mc  of  I'-'*')  was 
injected  intravenously.  The  bulk  of  the  acti\  ity  was  administered  during  the 
period  of  o-lO  seconds.  Quantitative  deli\  ('rv  of  the  dose  was  ensured  by  appro- 
priate techniques.  Blood  was  withdrawn  hclorc  injection,  and  (from  the  opposite 
arm)  at  precisely  timed  intervals  of  appioximatcly  '2,  4,  G,  10,  20,  40,  80,  120, 
180,  240,  300,  360,  420,  510,  and  GOO  minutes  after  the  I'^'  injection,  the  whole 
experiment  lasting  about  ten  hours.  Two  ml.  samples  of  plasma  or  whole  blood 
were  counted  in  the  usual  way  in  a  well-type  scintillation  counter.  Whole  blood 
counting  was  done  only  on  euthyroid  patients  where  no  appreciable  amount  of 
protein  bound  thyroxine  appeared  in  the  circulation  during  the  first  ten  hours. 
The  resultant  activities  could  be  recalculated  for  plasma  either  by  establishing 
a  plasma-whole  blood  I'^'  ratio,  or  by  determining  the  patient's  hematocrit  and 
using  the  corrections  suggested  by  Myant  et  al  ((il)  winch  closely  correspond 
to  our  own  observations.  Standards  were  prepared  by  diluting  the  injection  dose 
1:2000;  again  2  ml  samples  were  used.  Urine  specimens  were  timed,  diluted  if 
necessary,  and  2  ml  samples  counted  as  before.  To  reduce  the  coimting  error  to  a 
reasonable  minimum  (below  I'O,  25, GOO  counts  were  taken  on  all  samples 
(counts  per  minute  per  2  ml  sample  ranged  from  500  to  12,000  with  a  background 
of  about  220). 

In  several  cases,  in  vh  o  counts  were  taken  simultaneously  over  various  body 
areas,  usually  o\  er  the  period  of  two  to  three  hours. 

The  patients  were  either  fasting  or  had  their  breakfast  at  least  two  to  three 
I  hours  prior  to  the  1'^'  injection.  After  the  first  two  hours  of  tlie  experiment,  they 
'  were  allowed  to  eat  and  drink  normally  (except  for  restriction  of  the  salt  intake), 
'  though  no  blood  samples  were  withdrawn  immediately  after  any  food  or  liquid 
!  intake. 

As  was  mentioned  in  the  preceding  paper  (87),  the  plasma  I''"  disappearance 
\    data  can  be  closely  approximated  by  a  sum  of  three  exponential  functions 

-Xw     I  -X.,)     ,  -X,(  * 

^1    qi  =  aiC       +02?    "    +  a:iC 

This  implies  the  interchange  of  iodide  between  at  least  three  different  iodide 
'i   compartments  or  pools  (92). 

'  It  will  be  assumed  at  the  outset  that  the  three  compartments  consist  of  the 
I    iodide  in 

*  The  definition.s  of  the  terms  used  and  a  summary  of  the  fundamental  assumptions 
I  underlying  the  formulation  of  w-ijool  models  of  first  order  metaholic  systems,  as  well  as  the 
actual  formulations  of  solutions  of  such  models  are  discussed  at  len^tli  in  "Multiple-pool 
analy.sis  in  tracer  studies  of  metaliolir  kinetics"  i\t2)  and  in  "Studies  of  iodine  metabolism: 
IV"  (90).  The  latter  paper  deal.  -pccitK-ally  witli  three  jiool  models  which  are  appUcable 
directly  to  iodide  and  thx  roxine  sulisystems  of  iodine  metabolism  and  to  the  initial  three 
pool  subsystem  of  iron  metabolism  (94 j. 
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1)  Qi  =  iodide  ill  the  initial  iniscihlc  pool, 

2)  ^2  =  iodide  in  the  central  lymph,  and  possibly  peripheral  lymph  beds, 
■i)  Qz  =  iodide  in  the  reniainini5  body  water. 

It  will  be  further  assumed  that  all  iodide  leaves  the  metabolic  iodide  system 
directly  through  (^i  ,  and  that  the  dietary  iodide  enters  the  system  through 
Qi  while  that  derived  from  the  thyroxine  degradation  enters  it  through  (see 
Figs.  1,  2,  3,  and  4).  These  conditions  will  be  referred  to  as  modes  of  exit  and 
entrj'  (92),  respectively.  When  the  ratio  of  the  fraction  of  the  tracer  dose  ex- 
creted with  urine  to  that  taken  up  by  the  thyroid  gland  is  known,  and  the 
amounts  of  degraded  and  excreted  thyroxine  are  available,  the  exact  "average 
steady  state"  amounts  of  iodide,  Ei  ,  leaving  the  system  through  Qi  and  entering 
it  thi-ough  Qi  and  Qi  {Si  and  S3  respectively),  can  be  calculated.*  All  the  abo\e 
assumptions  and  data,  however,  together  with  the  constants  of  the  approximating 
etjuation  (ai  ,  a-. ,  «.3 ,  Xi ,  X*  and  X3)  do  not  suffice  to  determine  a  three-pool 
system  in  dynamic  equilibrium.  Two  additional  conditions  (92)  nuist  be  im- 
posed upon  the  system  before  it  can  be  solved  completely.  Since,  at  this  point, 
we  know  very  little  about  the  absolute  interchange  rates  between  the  various 
iodide  pools,  the  simplest  way  of  imposing  such  limiting  conditions  is  to  set  two 
of  the  rates  etjual  to  zero.  Three  of  these  models  are  represented  in  Figures  1,  2 
and  3,  and  are  designated  as  Iodide  Models  I,  II  and  III,  respectively.  The 
arbitraiy  choice  of  restricting  conditions  may  be  justified  at  present  on  the 
grounds  of  expediency.  These  models  are  by  no  means  final,  and  form  only  the 
fii-st  step  in  the  direction  of  a  comprehensive  investigation  of  the  dynamics  of 
iodine  metabolism.  The  assumptions  of  the  modes  of  exit  and  entry  of  iodide,  as 
well  as  the  two  arbitrary  restrictions  on  the  mutual  interchange  rates,  can  be 
altered  whenever  deemed  necessary,  and  new  models  fornuilated  in  a  similar 
manner. 

A  comprehensive  discu.ssion  leading  to  the  setting  up  of  appropriate  differen- 
tial equations  for  each  model  considered  and  their  detailed  solution  by  means 
of  Laplace  Transforms  (7,  42,  109)  are  given  in  "^Multiple-pool  analysis  in 
tracer  studies  of  metabolic  kinetics"  (92).  A  svnnmary  of  the  a.ssumptions  and 
definitions,  and  a  formulation  of  the  general  three-pool  model  which  can  be 
used  for  the  derivation  of  the  exact  solution  of  any  particular  three-pool  system 
with  sufficient  number  of  impo.sed  constraints  or  conditions  (92),  can  be  found 
in  the  fourth  paper  of  this  series.  We  will  proceed  by  presenting  both  the  sym- 
bolic solutions  of  each  model  considered,  and  the  corresponding  lunnerical 
values  for  subject  B.B.,  on  whom  the  plasma  radioiodide  disappearance  data 
were  obtained  in  the  manner  described  above.  The  plasma  I'^'  disappearance 
data  for  B.B.,  were  approximated  by  the  normalized  curve 

^  =  a,e-'''  +  6,e-'='  +  ce"''' 
q„ 

=  0.484.-)e"" +  0.2494e""""''"  +  0.26(31e"" " 
as  described  in  "Studies  in  Iron  Kinetics  IV"  (94).  This  eciuation  defines  tlic 
*  For  a  more  detailed  definition  of  the  terminology  used,  see  (92)  and  (9(J^ 
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approximation  constants  as  follows: 

oi  =  0.484.")  A,  =  0.089 

In  =  0.2404  A,  =  0.007()7 

'•i  =  0.2()()1  A:,  =  0.00071 
It  should  hv  strcssctl  that  in  sol\-in^;  the  following  models,  the  tracer  f/„  is  always 

assumed  to  he  introduced  instantaneously  into  the  pool  at  the  time  /  =  0. 
Iodide  Model  I  (l-ig.  1). 

This  model  consists  of  a  central  accessible  pool  Qi  ,  interchanging  with  two 
nuitually  non-interchanging  pools  Q.  and  Qi  . 


ENDOGENOUS  IODIDE 
S3 


EXOGENOUS  IODIDE 
S, 


Fig.  1.  Schematic  represent  at  ion  of  iodide  metabolism  Model  I. 

Qi  represents  the  "initial  miscible  iodide"  pool  or  "extended  plasma"  pool, 
Q2  and  represent  lymph  and  the  remaining  body  water,  respectively.  It  is 
assumed  that  all  iodide,  Ei  ,  leaving  the  system  leaves  it  through  Qi  ,  and  that 
only  the  ingested  (or  exogenous )  iodide  enters  the  system  through  the  extended 
plasma  pool,  while  the  iodide  derived  from  the  degraded  hormone  (endogenous 
iodide)  is  released  into  Q^  .  The  characteristic  polynomial  of  the  system  is  given 
by  (42,  90,  92) 


Dip) 


V  +  A'l     — -4i2/.-2     — -4i3A-: 
-Anl\    V  +  /'-^  0 

-.43,/m  0  V  + 

+  (/.-i  +  /.•2  + 

+  {kik-1  +  A-2A-3  +  h,k,  -  AnAnl^J^, 
+  -  A,,A-n  -  .4 1,3.4 31) 

+  Sip"  +  S2P  +  S3  =  0. 


{p  +  Ai)(p  +  X.,)(p  +  X3) 


-4i3.43l/.-lA-3)p 
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When  the  tracer  q^,  is  introduced  instantaneously  into  (^i  , 
p  +        q„        -lists  I 
XAp)  =      -A-nki    0         0      '    =  9o-l.,/.i(p  +  A-s), 
-AJ:,    0    p  +  /,:, 
and  the  tracer  distribution  eciuation  for  Q2  .  or  lymph,  becomes 

go        '  L       (Xl  -  X2)(X,  -  Xs)         (Xl  -  X2)(X2  -  Xs) 

(A-s  -  Xs)^"''^'  1 

(Xl  -  X3)(X2  -  X3)J' 

The  symmetric  functions  (90,  92)  are: 

Si  =  X,  +  Xo  +      =  A-i  +  A-..  +  A:i  =  0.09(547 

s,  =  XjXo  +  X2X3  +  X3X1  =  AiA,  +  A2A3  +  A:,A,  -  .4,,.4,,AiA-., 

-  .li3-l3iA,A3  =  0.0696  X  10"'. 

S3  =  X,X,Xa  =  A,A-,A3(1  -  .4,,.4„  -  .4,3-43,)  =  0.4272  X  10"'. 

From  the  definitions  of  tiie  constants  s,  ,  s-i ,  63 ,  fli ,  61 ,  c, ,  X, ,  X2  and  X3 ,  the 
pool  constants  Ao  +  A-3  and  AjA3  cair  be  determined  as  described  in  "Studies  on 
iodine  metabolism  IV"  (90)  and  '"Multiple-pool  analysis  in  tracer  studies  of 
metabolic  kinetics"  (92 ) : 

A->  +  A-3  =  a,(X.,  +  X3)  +  6,(X,  +  X3)  +  f,(X,  +  Xo)  =  0.0.-)U75 

A-.,A-3  =  01X2X3  +  />,X,X3  +  0X1X2  =  0.00017818. 

Hence : 

Ai  =  0.04.399.-) 
A-2  =  0.04774.S 
A-3  =  0.00:^7:^2 

Note  that  here  A^  was  assumed,  seemingly  arbitrarily,  larger  than  As .  The  reason 
for  this  is  that  the  maximum  activity  and  equilibration  with  plasma  radioac- 
tivity is  achieved  much  sooner  in  Q-2  than  in  Q-i ,  a.s  will  be  demonstrated  by 
direct  observation  of  lymph  activity  and  in  vivo  coiniting  over  various  body 
sites.  However,  in  the  case  of  model  I  there  are  no  a  priori  rea.sons  why  the 
values  of  Ao  and  A-3  should  not  be  reversed,  and  corresponding  solutions  of  Q: 
and  (J.  with  A3  >  A^  will  be  given  below.  This  is  not  possible  in  the  case  of  modr  N 
II  and  III  where  As  >  Aj  does  not  satisfy  the  conditions  of  .S2(II,  III).* 
Since  in  model  I  .4,2  =  Au  =  1  and  r,  =  1;  c-.  =      =  0;  it  follows  that 

*  In  the  following  «:^.Y),  .4,;(.V>,  Q^iX),  etc.  will  refer  to  .<(;  ,  A,,  ,  Q-.  ,  etc.  of  the  |)oiil 
mfxlcl  A'. 
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and 


,  J      ,  S3  -  A--.S:iAV(/u  +  A-3)        0  811  w 

,  ,  ,  s^k-i  —  S;i  —  kiiki  -\-  k->)  „  ^„^__ 
.431  =  .4 13-4  31  =   ,  ■    ,  =  U.lOooa 


.4oi  =  1  -  .4,1  -  J 31  =  0.0r);i28 


.4o 


La,    a,  X:J 


A-iA-,A-3' 


Note  that  the  last  expression  liolds  for  all  fonr  models  considered.*  The  above 
solutions  define  only  the  pool  constants  A-,  and  .4,,  (i.e.,  only  the  tracer  distribu- 
tion constants  (92:  I,  Table  II)),  which  are  independent  of  the  actual  amounts 
of  the  metabolite  present  in,  entering  or  leaving  any  of  the  component  pools.  A 
complete  solution  of  this  model  (as  well  as  those  of  the  subsecjuent  three  models) 
can  be  obtained  if  we  know  the  amounts  of  iodide  entering  Qi  and  Q-^ ,  respec- 
tively (i.e.,  Si  and  S3),  and  the  fraction,  1  —  of  the  initial  tracer  dose,  go, 
which  leaves  Qi  and  is  eventually  e.xcreted  in  urine.  The  fraction  of  go  which 
eventually  enters  the  gland  can  then  be  denoted  by  u.  The  first  two  data  are 
not  available  for  the  analysis  as  long  as  we  do  not  investigate  the  iodide  and  the 
thyroxine  subsystems  simultaneously.  The  best  we  can  do  under  present  circum- 
stances is  to  assume  some  values  available  from  the  literature  on  thyroxine 
metabolism.  We  will  assume,  arbitrarity,  the  average  values  given  by  Ingbar 
and  Freinkel  (40),  namely  50  /xg  of  iodide  from  daily  hormone  degradation  and 
7.5  Mg  for  corresponding  fecal  excretion,  though  we  are  aware  that  these  values 
cannot  be  the  same  in  all  cases  considered,  and  may  be  misleading.  An  assump- 
tion of  100  Mg  and  15  /xg  respectively  would  simply  double  all  pool  sizes  and 
absokite  transfer  rates.  The  fraction,  1  —  w,  of  the  tracer  dose,  qu ,  excreted  in 
urine  can  be  determined  from  the  comparison  of  cumulative  radioactivity  in 
urine  at  any  time  t,  with  the  product  goAi.4(]i  and  the  integral  from  zero  to  t 
{t  =  t  —  time  lag  due  to  urine  retention)  of  the  tracer  distribution  function 

(gi/f/o)(r)  ^i.e.,  with  go/.i-4ni  ^  -drj,  and  from  the  total  radioactivity  of  the 

initial  dose,  qu,  as  illustrated  in  Table  I.  In  most  cases  there  is  a  time  delay  of 
about  five  minutes  inherent  in  the  collection  of  urine  specimens.  In  the  case  of 
subject  B.B.,  who  had  carcinoma  of  the  prostate,  this  delay  was  determined  to 
be  30  minutes  by  superposition  of  logarithmic  plots  of  theoretical  and  experi- 
mental cumulative  activity  in  urine.  Since  in  this  case,  the  fraction  1  —  of 
the  initially  injected  dose  r/,, ,  which  is  excreted  in  urine,  is  calculated  to  be  0.79, 
and  that  taken  up  by  thyroid,  or  a,  is  eciual  to  1  —  0.79  =  0.21,  the  values  of 
El ,  Si  and  »S3  can  be  assumed  as  follows : 

*  ki  is  the  same  for  all  the.se  models;  see  below. 
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O/.O  . 

^  021  =  -'^""'^ 
Si  =  oO  /ig  day 
Si  =  274  -  .-)0  =  224  day. 
TABLK  I 

Calculation  of  the  Fraction,  1  —  (/,  of  the  Initial  Injection  J)oxc  Excreted  in  Crine 
of  Subject  B.H. 

Tlio  total  I'unnilative  activity  qi<e\(l)  leaving  the  initial  niiscihle  iodide  pool  Q[  up  to 
the  time  /  i8  given  by  the  integral 

,„A-,.1,„  f  ''^dt. 
'I" 

In  the  ease  of  the  subject  B.B..  the  total  radiuactivit  \-  injected  into  the  initial  niiscihle 
iodide  pool  and  eventually  leaving  the  system  is  r/,,  =  x  i  =  (UT.OOd  c  sec.  A  constant 
fraction  of  the  above  goes  to  the  gland,  while  the  remaining  fractinn  is  excn^tcd  in  urine. 
At  any  given  time  t  =  t  +  30  (where  80  minutes  is  the  time  lag  due  to  urine  retention  in 
the  case  of  subject  B.B.).  such  that  /  >  minutes,  the  theoretical  cumulative  urine 
radioactivity  is  given  by 

(1  -  «)(/„ei(T)  =  (1  -  //)r/„A-,.1,„  ^  ''^dr 

=  (1  -  -/)|()47,000  -  8,400('-»»Mr  _  57,100c-<"»«"''  -  581,400f 


It  follows  from  the  last  colunui  that  1  -  (/  =  ^ — '        =  0.79  =  fraction  of  the  r/,,  eventually 

G47,000  ' 

excreted  in  urine. 


Time  of  urine  collec- 
tion (in  minutes) 

Cumulative  urine 
radioactivity 
(counts/secj 

Tim,-  u.rriind  for 
tin-  hiL-  ,kK'  t<,  ur.Tu- 
retention  lin  minutt-si 

Total  cumulative 
tlieoretiial  railioac  ti\  - 

subsystem  up  to  time  r 
(.counts/sec  J 

?0«l(Tj 

Total  cumulative 
tlieoretical  radioactiv- 
ity leavinR  iodide  sub- 
system with  urine  up 
to  time  T  (.counts/sec) 

(1  —  M)?oei(T)  = 
0.79?oei(T) 

75 

32,300 

45 

41,000 

32,900 

130 

50,500 

100 

7(),300 

00,300 

192 

88,100 

1(12 

109,  (iOO 

8(),()00 

242 

117,200 

212 

133.200 

105,200 

322 

131,800 

2!)2 

Kit),  400 

131,500 

« 

647,000 

511,000 

These  modes  of  exit  and  entry  remain  the  .same  for  all  three  models  considered. 
Since,  in  the  preceding,  all  time  constants  of  the  appro.ximatiiig  etiuation  are  in 
minutes,  it  is  expedient  to  express  /s'l  ,  .S's  and  .S'l  in      min.  Hence  we  will  assume 

7';,  =  0.1".»()4  mill 

,S'i  =  0.0:^47  Mg,  mill 

.S's  =  0.15.5()  Mg/niin. 
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Tho  average  pool  sizes  can  tlien  he  ol)taiiied  as  follows: 
=  ri^  =  79.4  MS 
Q,  ^      AnQi  =  (i2.9 

A':i.l(il 

In  case  of  />:s  >  k-i  ,  .Idi  and  Qi  remain  the  same,  the  values  of  ,4ji  and  .l^  be- 
come reversed  and  the  other  two  pool  sizes  become  Q<  =  101.0  /xg  and  (J.^  = 
(io.G  ^ig,  respectively. 


EXOGENOUS  IODIDE 
S, 


ENDOGENOUS  IODIDE 


Fig.  2.  Schoinatic  representation  of  iodide  metabolism  Model  II. 

Iodide  Model  II  (Fig.  2). 

Here  the  accessible  pool  Qi  mutually  interchanges  only  with  the  lymph  pool 
Q2 ,  while  the  transfer  from  Q-z  to  Q-^  and  from  Q,3  to  Qi  is  assiuued  unidirectional, 
i.e.,  A23  =  An  =  0  and  .li?  =  1.  The  corresponding  characteristic  polynomial 
becomes 


0 


-Anl:, 


—  Aizki 
0 

P  +  h 


=  f  +  (k,  +  k,  +  k,)p-  +  +  A-^A-,  +  A-,A-,  -  A-iAvln.4n)p 

+  A-iA-2A-:,(l  -  AnAnA^.,  -  AnA-n)  =  0. 
The  numerical  values  of  Si  ,  s-i  ,  S3  as  well  as  those  of  A'l ,  ko  and  As  are  the  same 
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as boforc,  except  that  /,•..  >  A:;  ,  since  the  substitution  of  /.■..  =  0.0'.i~:V2  and  /.:)  = 
0.04774  into  the  eciuation 

.s,  =  A-iA,  +  k-.k,  +  k-,ki  -  /.•,/,-2.l,:.4,M  =  ().()()«)()  X  10"' 

lesuhs  in  a  physically  impossible  value  of  <^^eatel•  than  one  for  the  constant 
-li;.4ji  .  The  tracer  distribution  curve  in  lymph  pool  or  Qi  follows  from 


p  +  I,;    q.  -Auk, 
-.4,,/,-,    0  0 
0      0    p  +  k, 


and,  except  for  a  small  numerical  difference  in  the  value  of  .42i(II),  is  identical 
with  that  for  the  model  I; 


+ 


As) 

(Xi  -  A-3)e" 


(Xi  -  XaXXo  -  X3;  (X 
.4,11  also  remains  unchanged,  and  we  get: 
.4ai  =  0.0.-)328 

kik,  +  kJ:,  +  A-aAi  - 


(A-3  -  X3)e"'^'  1 

1  -  X3)(X2  -  X3)J 


.4 12-4  2 


A"iA'2 


0.84941 


.4l3.4oi.432   =    -421.432   =    1    -  .4,2.421 


S3 
A-,A-2A-3 


0.09730 


.42.    =    -4,2-421  +   -1 21.1 32   =  1 


AlA-2A-3 


0.94()72 


.4,2 


■4  12.42, 
-42, 


=  0.89722 


-4  32  =  1  ~  -1,2  =  0.10278 

Using  the  same  a.ssumed  values  for  A',  ,  N,  and  .S  as  in  model  I,  the  pool  sizes 
become: 


Qi  =  j~—  =  79.4  Mg  (as  before) 
A"  ,.4  01 


Q2  =  ,-.42iQi  =  70.8  Mg 

Qz  =  r  ^2,.432C>,  +  'p  =  102.4  Mg 
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EXOGENOUS  IODIDE 
S, 


ENDOGENOUS  IODIDE 
S, 


Fig.  3.  Schematic  representation  of  iodide  metabolism  Model  III. 

Iodide  Model  III  (Fig.  3). 

This  model  differs  from  model  II  insofar  as  the  unidirectional  transfer  takes 
place  in  the  opposite  direction,  namely  from  Qi  to  Qs  to  Qi  .  Here  ^13  =  -432  =  0 
and  An  =  An  =  1 


V  +  A-i    A,4:,  0 

-Ar^ki    p  +  Ao  -A-iski 

-Auk-i       0         jt?  +  kz 
V  +  ih  +  k,  +  k,)p' 

+  (A-iA-.,  +  A-oA:,  +  A-.,A-i  -  A.nk,k,)p 

+  A-,A-2A-3(1  -  AnAo^A,,  -  Ai.A2i)  =  0 

p  +  A-i    q,  0 

-Ank:    0  -.4,3A^ 

-.4i,A-3    0     p  +  h 
q^[Ankiip  +  k,)  +  A,:AzM;] 


and 

52  _  -42lA-l(A-; 


Xi )  +  -43iA'iA'3  ^_x, 


(Xi  -  X2)(Xi  -  X3) 

-42iA-i(A-3  -  Xo)  +  .43iA-iA-3 


^42iA-i(A-; 


X3)   +  A3lA"lA-3 


(Xi 


X2)(X2   -  X3) 


(Xi  -  X3)(X2 


X3) 
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The  iiunierical  values  of  si  ,  so  ,  s, ,  k\  ,  lc-2  ,  k,  and  Qi  are  again  the  same  as  for 
:\Iodels  I  and  II,  with  />,  >  k,  .  Since  -4 23  =  Avi  =  1  and  .4 03  =  .4 02  =  0: 

.4ni  =  0.05328 

U  =  4v>4o,  =        +  ''''''      ^'^^'^  ~     =  0.84941 

-431  =  -412-423-431  =  1  -  .421  -  =  0.09730 

Qi  =  79.4  ng 
Q^  =  ^Q^-^  =  71.5 

Qz  =  r  ^1  +  r  =  102.4  Mg. 

A'3  A3 

Note  that  here  Qi  is  identically  e(iual  to  the  corresponding  pool  of  :\Iodel  II, 
i.e.,  f^sClI)  =  ^3(111).  The  constants  of  the  approximating  equation  qi/qo  = 
aic'^''  +  bic^^'-'  +  ci(~^'',  the  constants  Ai ,  /,-2  and  A-3  ,  as  well  as  the  pool  sizes 
corresponding  to  different  pool  models,  are  shown  for  six  different  subjects 
(including  B.B.)  in  Table  II.  The  pool  sizes  were  calculated  on  the  basis  of  the 
arbitrary  assumption  that  the  daily  average  amounts  of  iodide  released  from 
the  degraded  hormone  and  excreted  as  thyroxine  are  50  /xg  and  7.5  ng,  respec- 
tively, for  all  subjects  considered.  These  values  were  based  on  the  data  of  Ingbar 
and  Freinkel  (40).  As  previously  noted,  doubling  the  values  for  hormone  degrada- 
tion and  excretion  would  result  in  pool  sizes  twice  as  large  as  the  ones  shown  in 
Table  II.  In  addition,  it  is  highly  improbable  that  the  degradation  and  excretion 
values  of  the  hormone  would  be  the  same  (i.e.,  50  Mg  and  7.5  ^g,  respectively), 
or  even  in  the  same  ratio  (50:7.5),  for  each  subject  whose  data  were  analyzed. 
Therefore,  the  comparison  of  relati\'e  sizes  of  various  pools  should  be  more  mean- 
ingful at  this  point  than  that  of  their  absolute  \  alues.  For  instance,  in  the  first 
five  subjects  considered  in  Table  II,  the  third  pool,  Q-^ ,  is  approximately  of  the 
same  magnitude  or  larger  than  the  first  pool,  Q]  ;  only  in  the  sixth  subject,  P.Z., 
is  (?3  considerably  smaller  than  (^1  .  The  most  striking  feature  of  Table  II,  is  per- 
haps the  fact  that  the  respective  values  for  Q2  and  Qi  of  each  subject  do  not  vary 
signihcantly  with  th(>  different  models  considered.  Such  variations  are  however 
most  pronounced  for  Q-^  of  subject  D.W.,  where  they  still  do  not  exceed  22  per 
cent  of  the  mean  \-alue  for  the  three  models  used.  This  apparent  lack  of  variation 
in  pool  sizes  with  different  three-pool  models  is  not  a  featur(>  uniciue  to  iodide 
metabolism,  but  occurs  also  in  three-pool  analysis  of  extratliyroidal  thyroxine 
metabolism  (89)  and  applies  to  the  marrow  iron  transit  pool  of  the  initial  three- 
pool  phase  of  iron  metalwlism  (94).  Since  the  above  models  used  in  studying 
the  iodide  metabolism  i-epresent  wliat  may  he  termed  a  series  of  "extreme" 
three-pool  models,  any  other  such  models  with  /,o  >  /.■;(  and  the  same  modes  of 
exit  and  entry  should  result  in  similar  pool  sizes.  As  an  example,  we  will  now 
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aiialyzo  the  oxperimental  data  of  subject  B.B.  in  terms  of  a  more  general  three- 
pool  model,  l\  (Fig.  4).  In  this  model,  all  intcrchantic^  constants  (^12,  A21, 
'■^■23 ,  A32 ,  An  and  ,43i)  are  non-zero  and  .4  23  and  .  1  j  aic  assigned  arbitrary  values 
a>3  and  032 ,  respectively.*  Since  in  previous  models  (.Models  I,  II,  and  III), 
these  values  varied  from  zei-o  to  1.0  and  from  zero  to  O.lOii,  respectively,  the 
actual  numerical  values  chosen  are  023  =  0.5  and  O32  =  O.Oo.  The  numerical 
A-alues  for  k-2  and      of  this  new  model  differ  slightly  from  those  of  models  I,  II 


and  III  (for  the  derivation  of  pcMtiiient  formulae  .see  the  fourth  paper  of  this 
.series)  (90): 

A-2  +  A-3  =  0.05147.-)  =  A'l    (as  in  previous  models) 

=        ^'  ,    =  ,    ^'       =  ^5"  =  0.00018275.  ' 

1   —  .423^4.32        1  —  0230.12  0.9/.:) 

Hence,  proceeding  as  before: 
A-,  =  0.044995 
A-2  =  0.047():58 
A-3  =  0.00;i8;^(i2 

Y  =  -4V  =  0.051948 
A'l  A-2  A-3 

.4o,  =  — —      =  0.05.S28 

1    —  023032 

*  These  vjilucs  must,  however,  he  coiisisteul  with  tlie  coii.staiit.s  of  the  approximating 
e()Uation  and  tlie  as.siimed  modes  of  e.\it  and  entry. 
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-112 

-41., 


and  finally 


1  -  =  O.QoOOO 
1  -  «■>:,  =  O.oOOOO 
A-iA-.,  +  A-iA-3[a23  +  ( 1 


023) --it 


A-i[A-2(l  -  032)  -  A-3(l  - 
1  -        -  --Ini  =  0.05291 
79A  ng    (as  for  other  models), 


=  0.89381 


A-iQi(.4.>i  +  023-431)  +  a23AS3 


A-2Q2 


A-2(l  —  023032) 

-  -42lA-lQ; 


71.1  Mg 


=  102.. 


These  values  for  Q-i  and  Q3  fall  within  the  respective  limits  defined  by  models 
I,  II  and  III.  The  sunniiary  of  all  pool  constants,  calculated  on  the  basis  of 
models  I,  II,  III  and  IV,  respectively,  is  given,  for  subject  B.B.,  in  Table  III. 

In  the  literature,  •'),  47,  79)  it  is  customary  to  evaluate  the  total  volume 
of  distribution  of  a  metabolite  from  the  extrapolation  of  the  final  or  "equili- 
brated" portion  of  the  corresponding  plasma  disappearance  curve.  In  case  of  a 
three-pool  system  with  the  given  Qi  and  the  coefficients  of  the  normalized  ap- 
proximating e(iuation,  Oi  -f  61  +  ci  =  1,  this  leads  to  Qi  -f  Q2  +  Q3  =  Qi/ci . 
If,  as  in  the  case  of  iodide  subsystem,  both  Ai  and  A2  are  considerably  larger  than 
A"3(A'i,  A-2  »  As),  the  remaining  pool  sizes  Qo  and       are  calculated  from  Qi  , 

TABLE  III 

Comparison  of  the  CalcuUited  Pool  Constants  of  the  Subject  B.B.,  Corresponding  to  the  Four 
Three-pool  Models  {Figs.  1,  2,3  and  4)  of  Iodide  Metabolism 
The  approximating  efjiiation  is 


-  =  0.484e-<'-' 
90 


0.24946-°  ™"'  -I-  0.2()(3le-°''»»'" 


The  following  constants  are  assumed  for  all  four  models: 
Es  =  0.1903  Mg/rnin 
Si  =  0.0.347  Mg/min 
S3  =  0.1556  Mg/min 


Model 

*2 

^.2 

A2l 

^23 

Au 

^13 

Qi 

Q> 

1 

II 
III 
IV 

0.04500 
0.04500 
0.04500 
0.04500 

0.04774 
0.04774 
0.04774 
0.04764 

 1  

0.0037.32  0.04201 
0.003732  0.04201 
0.003732  0.04201 
0.003H36I  0.05328 

1.00000 
0.89722 
1.00000 
0.95000 

0.84116 
0.94672 
0.84941 
0.89381 

0.00000* 
0.00000* 
1 . 00000 
0.50000* 

0.00000* 
0.10278 
0.00000* 
0.05000* 

1.00000 
1.00000 
0.00000* 
0.50000 

0.10555 
0.00000* 
0.09730 
0.05291 

79.4 
79.4 
79.4 
79.4 

62.9 
70.8 
71.5 
71.1 

110.3 

102.4 
102.4 
102.5 

'  The  stars  refer  to  the  limiting  conditions  imposed  upon  two  of  tlie  interchange  constants  of  each  model. 
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TABLE  IV 

Comparison  of  Various  Pool  Sizes  on  Six  Euthyroid  Subjects,  Based  on  Calculations  for 
Models  I.  II  and  III  of  Iodide  Metabolism  and  on  "Extrapolations"  from 
the  Approximating  Curves  to  the  Plasma        Disappearance  Data 
Note  that  the  pool  sizes  obtained  from  the  "extrapolations"  are  not  valid  mathemati- 
cally. See  te.xt  and  ne.\t  paper  in  this  series  (89). 


Method  of  calculation 

1   tial^'-  bl 
iodide  pool  in  Mg 

L  mph'iodide 
pool  in/ig 

Qa 

Remaining  body 
water  iodide 
pool  in  Mg 

(?.  +  <?.  + 
in 

T).B. 

Model  I 
-Model  II 
Model  III 
"Extrapolation  ■ 
from  the  curve 

44.2 
44.2 

44.2 
44.2 

49.4 
57.1 
57.4 
61.1 

58.0 
50.3 
50.3 
63.8 

151.6 
151.6 
151.9 
169.1 

B.B. 

Model  I 
Model  II 
Model  III 
"Ext  rapolat  ion  " 
from  the  curve 

79.4 
79.4 
79.4 
79.4 

62.9 
70.8 
71.5 
74.6 

110.3 
102.4 
102.4 
144.4 

252.6 
252.6 
253.3 
298.4 

P.H. 

Model  I 
Model  II 
Model  III 
"Extrapolation" 
from  the  curve 

19.6 
19.6 
19.6 
19.6 

15.6 
18.0 
18.2 
21.3 

22.2 
19.8 
19.8 
26.0 

57.4 
57.4 
57.6 
64.9 

D.W. 

Model  I 
Model  II 
Model  III 
"Ext  rapolat  ion  ' 
from  the  curve 

21.1 
21.1 
21.1 
21.1 

16.9 
23.9 
24.2 
25.9 

53.9 
46.9 
46.9 
51.1 

91.9 
91.9 
92.2 
98.1 

V.S. 

Model  I 
Model  II 
Model  III 
"Extrapolation" 
from  the  curve 

17.7 
17.7 

10.1 

12.8 
13.1 
13.4 

31.6 
28.9 
28.9 
37.0 

59.4 
59.4 
59.7 
68.1 

P.Z. 

Model  I 
Model  II 
Model  III 
"Extrapolation" 
from  the  curve 

16.3 
16.3 
16.3 
16.3 

14.6 
15.6 
17.9 
17.2 

7.9 
6.9 
6.9 
6.3 

38.8 
38.8 
41.1 
39.7 
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(h  +  (h  +  (h  =       r,  and  Q,  +  Q,  =  Q,  (/;,  +  r,)  as  follows: 

This  method  of  ("valuation  of  pool  sizes  is,  however,  not  niatheniutically  valid. 
Since,  in  spite  of  this  fact,  it  is  widely  used  in  medical  research,  it  will  he  elabo- 
rated upon  in  greater  detail  in  the  following  paper  (89). 

Table  l\'  giv(>s  a  sununary  of  various  pool  sizes  corresponding  to  models  I, 
II  and  III  of  iodide  metabolism  and  to  the  "extrapolations"  from  the  approxi- 
mating curves  to  plasma       disappearance  data,  on  six  euthyioid  subjects 

In  all  models  considered  in  this  paper,  pools  (J-:  and  were  tentatively  identi- 
fied with  iodide  in  lymph  and  in  the  "remaining"  body  water,  respectively.  Such 


^  10.000-,, 


>  3,000- 


< 
o 

§      2,000   1  1  1  1  1  1  .  ^  ;  1  ;  1  1  ^  1 

a:  0  30  50  90  120  150 

TIME  IN  MINUTES 

Fig.  5.  Ivadioaetivity  in  plasma  and  lymph  of  .subject  R.P..  after  an  intravenous  injec- 
tion of  I"'  as  iodide,  following  the  thoracic  duct  cannulation. 

•  —  •  —  •     Radioactivity  in  plasma 
O  o-  -O    Radioactivity  in  lymph 

assumptions  find  considerable  substantiation  in  comparisons  of  theoretically 
predicted  tracer  behavior  in  lymph  with  actual  lymph  radioactivity  in  human 
subjects  following  iiitra\enoiis  injections  of  P",  as  well  as  in  semiquantitative 
studies  of  in  vivo  activity  over  various  body  sites  following  such  injections. 
Figures  o  and  6*  represent  simultaneous  plasma  and  lymph  activities  in  subjects 
R.B.  and  E.G.,  respectivel3^  after  instantaneous  injection  of  following 
thoracic  duct  cannulation  in  the  neck  according  to  the  method  of  Linder  and 
Blomstrand  (Ki,  50).  Figure  7  represents  normalized  theoretical  plasma  P'*' 
disappearance  data 

^'  =  0.49(i.-" +  0.202^-"  "^'^^'  +  O.ime-"  """ 

on  the  subject  P.H.  with  the  corresponding  theoretical  lymph  radioactivities 

*  In  Fig.  0,  the  double  peak  in  the  lymph  activity  and  the  rise  in  initial  plasma  activity 
probably  represent  a  small  subcutaneous  leakage  of  tracer. 
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Fig.  ().  Radioactivit.v  in  plasma  and  lymph  of  suijjcct  KX'i.,  after  an  intravenous  injec- 
tion of  I'"  as  iodide,  following  the  thoracic  duct  cannulation. 

•  —  •  —  •    Radioactivity  in  plasma 

O-  -O  O    Radioactivity  in  lymph 

Note  that  the  double  peak  in  the  lymph  activity  and  the  rise  in  initial  plasma  activity 
represent  a  probable  small  subcutaneous  leakage  of  tracer. 


1.0 


30 


60  90  120 

TIME   IN  MINUTES 


150 


Fig.  7.  Theoretical  tracer  distribution  curves  (corresponding  to  various  models)  of  the 
initial  miscible  iodide  pool,  (?,  ,  lymph  pool,  f/,  ,  and  the  "remaining"  body  water  pool, 
Qi  ,  of  subject  P.R.,  following  an  intravenous  injection  of  I'"  as  iodide. 

•  —  •  —  •  (^i/go)  -   normalized  plasma        disappearance  curve  (calculated). 
O    O    O  (qi/qo)(l)  =  tracer  distribution  in  lymph  pool,  Q.  ,  for  model  I  with 
ki  >  k-3  (the  curve  ((/■./f/o)(II)  differs  from  by  a 

constant  only). 

A  A-  -A  (qi/qo)(Ul)  =  tracer  distribution  in  lymph  pool,  Qo  ,  for  model  III. 

□  □  □  (qj/q„)(l)  -  tracer  distribution  in  the  "remaining"  body  water  pool, 

Qz  ,  for  model  I  with  ki  >  ks  (this  equals  to  '(q-/q„)(l)  with 

ki  >  k^)  . 

y  X  X  X  Normalized  experimental  plasma  I'"  disappearance  data. 
In  t  he  experiments  (Figures  5  and  (i;  lymph  was  not  recirculated.  This  resulted  in  a  lo.ss  of 
radioiodide  from  pool  II.  This  loss,  however,  is  not  considered  in  the  ai)ove  models  (calcu- 
lations). 
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92/ 9n ,  for  various  models  considered.  Since  (f/i/^u)  (1 )  with  /r^  >  k->  and  ((/:(  qn)  {11} 
differ  from  each  other  by  a  constant  factor  [.4-21  (II )J/  Ul2i (I )],  only  tlie  lympii 
curve  for  model  I  is  represented.  Both  lymph  curves  for  model  I  and  model  III 
reach  a  maximum  after  about  14  mimites  and  run  fairly  parallel  (on  the  .semilog 
paper)  to  the  plasma  curve  after  AO  minutes.  These  curxcs  ;nc  simihir  to  the 
lymph  curve  in  Figure  .").  The  difference  in  relative  positi(jns  or  magnitudes  be- 
tween plasma  and  lymph  cur\-es  in  Figures  o  (or  (i)  and  7  follows  from  the  fact 
that  while  the  first  set  of  curves  represents  actual  activiti(>s  per  unit  time  and 
unit  volume,  the  second  set  represents  the  fractions  of  the  initially  injected 


0.   I-U-I  ,  ;  ,  ,  ^  1  1  1  1  ^  1  ^  ^  ^ 

0  30  60  90  120  150 
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Fig.  8.  Theoretical  tracer  tlistribiition  curves  (corresponding  to  different  models)  of 
the  initial  miscible  iodide  pool,  Qi  ,  and  lymph  pool,  Q2  ,  of  subject  B.B.,  after  an  intra- 
venous injection  of  I'^'  as  iodide. 

•  — •  — •  (f/i/f/ii)  =  normalized  I'^'  disappearance  curve  in  pool  Qi  (calcu- 
lated). 

O — O — O  (92/90) (I)  =  tracer  distribution  in  lymph  pool,  Q2  ,  for  model  I  with 
/••2  >  A-3  (the  curve  (92/90)  (11)  differs  from  (92/90)  (I)  by 
:i  constant  only). 

A  A  A  (92/90)  (III)  =  trail  r  distribution  in  lymph  pool,  C/j  ,  for  model  III. 

X  X  X  X       Xonnaizh  d  experimental  plasma  I'"  disappearance  data. 

activity  present  in  the  total  "initial  miscible  iodide"  and  "lymph  iodide"  pools, 
respectively.  The  distribution  cur\c  7-  7,1  for  model  I  with  A:)  >  k-2  achieves  a 
maximum  after  about  100  minutes.  4"lic  two  pools,  however,  are  not  completely 
equilibrated,  (i.e.,  their  curves  are  not  parallel  on  semilog  paper),  for  as  long 
as  three  hours.  The  curve  (92,  9u)(I)  for  An  >  A-2  is  identical  with  (93/90)  (I)  for 
A-2  >  A-3 ,  and  serves  as  an  additional  indication  that  A-2  must  be  larger  than 
A'3 ,  A>  >  A'3 ,  if  Q2  corresponds  to  the  lymph  pool.  The  time  of  maximum  activity 
in  lymph  seems  to  be  of  the  same  order  of  magnitude  in  human  subjects  as  in 
dogs.  In  seven  such  successful  experiments  on  dogs  (87),  the  times  of  maximum 
activity  in  lymph  were  approximately  12,  i:^,  10,  30,  0,  lo  and  12  minutes.  From 
theoretical  considerations,  the  time  of  maximum  activity  in  lymph  must  increase 
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with  the  decrease  of  the  constant  Xi  .  This  (l(>p("ndcnc(>  is  ilhistrated  in  I-iguro  8 
which  represents  tiie  theoretical  normalized  plasma  disappearance  cmve,  , 
as  well  as  the  theoretical  lymph  curves  for  models  I  and  III  on  subject  B.B.  who 
has  the  smallest  X,  of  all  the  cases  considered.  Here  the  maximum  radioactivity  is 
reached  only  after  40  minutes.  This  time  interval  exceeds  that  in  the  case  of  R.P. 
in  Figure  ti.  In  comparing  theoretical  values  with  the  experimental  values  in 
Figures  .i  and  G,  one  should  bear  in  mind  that  the  latter  data  were  collected 
under  conditions  where  the  iodide  subsyst(Mn  was  artificially  altered  by  constant 
drainage  of  iodide  with  the  continuous  lympli  flow.  This,  and  the  patients' 
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Fig.  9.  In  vivo  activity  over  various  body  .-^itcs.  after  an  intravenous  iiijeetion  of  I'^' 
as  iodide. 

•  —  •  —  •    Hadioaetivity  over  the  heart  area. 

O  O  O    Hadioaetivity  over  the  liver  area. 

.  -A  A    Hadioaetivity  over  the  spieiiie  area. 

□ — □ — □    Hadif)aet ivity  over  the  ealf  area. 

X — X — X    Hadioaetivity  over  the  thyroid  gland  of  another  .subject  who  received 
0.9  gni  of  potassium  thiocyanatc  one  hour  prior  to  I'"  injection. 
Note  that  the  radioactivity  over  each  area  i.s  expressed  in  arbitrary  and  different  units  to 
permit  convenient  .spacing  of  the  curves. 


postoperative  state  were  among  the  factors  which  prevented  us  from  continuing 
the  experiments  long  enough  to  allow  a  mathematical  analysis  of  the  actual 
data.  It  was  noted  above  that  the  theoretical  activity  in  the  "remaining"  body 
water  iodide  pool  for  model  I  of  subject  P.R.  does  not  achieve  an  e(|uilibrium 
with  plasma  prior  to  three  hours  after  injection,  i.e.,  the  activities  in  the  respec- 
tive pools  do  not  form  a  constant  ratio.  The  same  is  true  of  the  ^.i  qv,  values  in 
the  ca.'^e  the  other  two  models.  This  agrees  well  with  the  general  concept 
that  "iodide  di.stribution  .space"  ((i J  increases  over  the  period  of  several  hoins. 
The  hypothesis  that  (I,,  represents  the  "remaining"  body  water  iodide  pool  is 
further  substantiated  by  the  study  of  in  vivo  cinves  over  various  body  sites. 
Figtn-e  1)  represents  such  typical  studies.  .\11  \aliies  in  I'iguic  '.)  arc  plotted  on 
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ail)itrarv  (sciniloj^aritliinic)  scales  to  penuit  ('oiivoiiioiit  visual  separation  and 
romparisoii  of  results.  The  counts  over  the  neck  were  performed  on  a  subject 
whose  thyroid  gland  was  blocked  with  potassium  thiocyanate  prior  to  I'^'  injec- 
tion. In  tryinu;  to  interpi'et  thes(>  results,  one  should  remember  that  the  counter 
"sees"  all  three  iodide  compartments  simultaneously.  The  actual  proportion  of 
activity  which  different  pools  contribute  to  total  radioactix  ity  \  aries  with  time 
and  location.  Thus,  when  the  counter  is  positidiicd  oxci-  the  licait,  the  major 
contribution,  even  after  the  initial  surge  of  activity,  is  due  to  (ji  ,  antl  the  counts 
fall  off  fairly  rapidly.  Counts  over  spleen,  and  especially  over  lixcr,  fall  off  at 
the  beginning  and  then  decrease  very  slowly,  in  spite  of  the  fact  that  the  counter 
nuist  register  a  large  proportion  of  blood  whose  actix  ity  is  decreasing  constantly. 
The  activity  over  the  calf,  on  the  other  hand,  increases  considerably  during  the 
hist  10  1")  minutes,  after  which  it  remains  almost  constant  over  the  period  of  an 
hour  or  two,  while  that  over  the  blocked  gland  decreases  at  the  very  beginning, 
and  then  remains  almost  constant  for  the  next  couple  of  hours  (the  particular 
case  used  in  Figure  9  was  not  carried  out  that  far).  This  difference  in  the  be- 
havior between  the  in  \  i\  o  activity  over  the  neck  with  the  blocked  gland  and 
the  calf  (or  a  thigh),  makes  the  use  of  a  thigh  for  correction  in  counting  and 
estimating  the  activity  in  the  thyroid  gland,  rather  inadecjuate. 

SUMMAKY 

In  the  preceding,  we  have  indicated  how  the  iodide  component  of  iodine 
metabolism  can  lie  studied  by  nutans  of  the  mathematical  analysis  of  plasma 
I'^'  disappearance  data  and  ui  inar\'  cxcri't ion,  based  on  the  assumption  of  three- 
pool  systems.  These  pools  can  be  identified  as 

a)  Initial  niiscil)l('  iodide  pool  consisting  primarily  of  iodide  in  plasma,  red 
cells,  gastric  mucosa  and  salivary  glands,  and  other  presumed  iodide  concentrat- 
ing tissues  (including  the  contribution  of  thyroidal  trapping). 

b)  Iodide  in  "central  lymph"  and  possibly  in  peripheral  lymph  beds. 

c)  Iodide  in  the  "remaining"  body  water. 

Several  tentative  three-pool  models  have  been  developed  in  detail  and  the 
results  of  their  applications  to  experimental  plasma  I'^'  data  compared  with 
tracer  distribution  data  in  lymph  and  in  a  semicjuantitative  way  with  the  tracer 
activity  over  various  body  sites  as  detected  by  in  vivo  counting.  The  actual 
•'average"  sizes  of  the  pools  corresponding  to  various  models  can  be  determined 
only  if  simultaneous  data  about  the  late  of  thyroxine  degradation  and  excretion 
are  available.  The  dynamics  ot  thyroxine  metabolism  and  the  possibility  of 
simultaneous  study  of  inorganic  and  organic  components  of  the  iodine  metab- 
olism will  form  the  subject  of  the  following  paper. 
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III.  Three-Pool  Systems  of  Extrath\  roidal 
Thyroxine  Kinetics* 

Li:.\A  SHAHNKV.  Pii.I)..  HOHKltT  LLOVl)  SI;(;aL.  M  l)..  ALLAN  E.  DUMOXT, 
M.D  .t  ANTONIO  OIIiOLAML  ^LI).  .^nd  .><0L0.M0N  SIL\  KH.  MA). 

Xrir  Yorh.  \.  )'. 

Whereas  the  iodide  .subsystem  of  iodine  metabolism  is  a  first  order  non- 
steady-state  system,  the  organic  iodine  subsystem  is  usually  in  a  dj'namic  equi- 
librium. The  rate  of  its  hormone  degradation  is  assumed  to  be  non-linear  (79) 
and  according  to  Berson  and  Valow  (.")),  is  directly  proportional  to  the  scjuare 
of  the  thyroxine  level  in  the  plasma,  at  lea.st  when  this  level  is  within  the  thyro- 
toxic region.  (Two  of  their  cases,  whose  plasma  thyroxine  concentration  falls 
into  the  euthyroid  category,  appear  to  give  ecjuivocal  results.)  When  a  meta- 
bolic system  is  in  dynamic  equilibrium,  its  general  Ix'havior,  as  reflected  in  the 
changes  in  radioactive  tracers,  is  indistinguishable  from  that  of  a  first  order 
system,  regardless  of  the  actual  order  of  its  various  reaction  rates  and  processes. 
A  series  of  plasma  thyroxine  di.sappearance  experiments  (using  exogenous  I'-^' 
labelled  sodium-1 -thyroxine)  were  performed  both  by  the  workers  in  this  country 
and  in  England  with  results  that  differ  signiHcantly  from  each  other.  The  average 
degradation  rates  (half  life)  of  exogenous  hormone  in  euthyroid  patients  vary 
from  6..")  (."^7)  to  8.0  days  (21).  Some  of  the.se  variations  may  be  attributed  to 
differences  in  the  particular  thyroxine  preparations  administered,  choice  of  .sub- 
jects, duration  of  experiments,  pretreatment  with  thyroid-blocking  agents  such 
as  Lugol's  solution,  or  other  experimental  manipulations.  Many  interesting  and 
ingenious  methods  were  developed  to  determine  the  amount  of  the  hormone  in 
the  thyroid  gland  (8,  (52,  67)  and  the  rate  of  its  peripheral  degradation,  after  a 
single  injection  of  I'"  as  iodide  (18,  21,  27,  37,  ()3,  79,  103).  In  this  paper  we  will 
be  concerned  exclusively  with  the  behavior  of  the  exogenously  administered  I'^' 
labelled  hormone.  The  space  in  which  the  exogenous  I'^'  labelled  hormone  is 
distributed  after  an  intravenous  injection  is  defined  by  Riggs  as  the  "Organic 
Iodine  of  the  Blood  and  Extrathyroidal  Tissue.  This  compartment  contains 
all  of  the  thyroid  hormone  outside  of  the  thyroid  gland  including  any  thyroxine 
which  is  undergoing  enterohepatic  circulation."  Most  of  the  workers  in  the  field 
agree  in  considering  all  of  the  extrathyroidal  thyroxine  as  a  single  compartment 
or  "thyroxine  distribution  space"  (37,  79),  and  attribute  errors  inherent  in  the 
methods  used  for  determination  of  such  a  single  space,  as  well  as  those  in  calcula- 
tion of  total  fecal  excretion,  to  the  delay  in  mixing.  The  formidable  mathematical 
problems  connected  with  the  delayed  mixing  within  individual  compartments 
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are  dealt  with  by  such  in\■(■sti^^ut<)l•s  as  \\'renshall  et  al  {W'A).  Sueh  considera- 
tions do  not  apply  to  pool  systems  where  tracer  disappearance  ciir\es  can  l)e 
approximated  by  a  sum  of  a  few  (three  or  four)  exponential  functions  with 
constant  coefficients,  aie~^i'.  We  will  return  again  to  this  so-called  "mixing 
problem"  after  the  formulation  of  thiee-pool  models  of  extrathyroidal  thyioxine 
metabolism.  The  disappearance  cur\-es  of  1'^'  labelled  thyroxine  from  plasma 
(after  an  instantaneous  intravenous  injection)  differ  little,  except  in  the  magni- 
tudes of  their  constants,  from  the  corresponding  tracer  distribution  curves  of 
Fe^'*-transferrin  or  of  as  iodide.  These  cuiacs,  when  followed  over  a  period 
of  eight  or  more  days,  can  be  fairly  well  approximated  by  sums  of  three  ex- 
ponential functions  (i.e.,  by  aie~^i'  +  a-iC'^^'  +  aaC"*':)'),  indicating  the  existence 
of  at  least  three  (92)  closely  interchanging  extrathyrcjida!  thyroxine  pools. 
The  exact  modes  of  connections  of  these  pools  do  not  follow  from  the  abo\-e 
approximating  eciuations,  and  it  will  be  the  purpose  of  this  paper  to  iiuild  and 
solve  several  mathematical  models  of  this  subsystem  of  iodine  nietal)olism.* 
We  will  proceed  as  in  the  paper  on  iodide  subsystem's,  by  using  four  tiuce-pool 
models  after  imposing  upon  them  tiie  necessary  number  of  the  simplest  possible 
(at  least  from  the  mathematical  point  of  view)  conditions,  such  as  setting  certain 
interchange  constants,  .4,,,  ecjual  to  zero  (92).  We  will  assume  that,  at  least 
from  the  point  of  view  of  thyroxine  dynamics,  tliese  three  extrathyroidal  thyrox- 
ine pools  consist  of  (1)  plasma  pool,  or  iodine  in  plasma  thyroxine;  (2)  "intra- 
hepatic" pool,  or  iodine  in  intrahepatic  thyroxine  and  other  related  organic 
compounds;  (3)  lymph  pool,  or  iodine  in  thyroxine  (or  its  derivati\  (>s,  (excluding 
iodide)  of  lymph  and  otlier  interstitial  fluids.  That  plasma  forms  a  single  well- 
delineated  pool  follows  from  the  fact  that  post-injection  plasma  activity,  when 
extrapolated  to  zero  time,  leads  to  the  initial  thyroxine  space  which  is  identical 
with  that  of  the  plasma  volume.  The  identification  of  one  of  the  other  two  pools 
with  central  lymph  (and  probably  remaining  interstitial  fluid)  follows  from  the 
lymph  experiments  on  dogs  and  humans  similar  to  those  performed  in  the  study 
of  iodide  metabolism.  The  result  of  these  experiments  will  be  discussed  in  detail 
later  in  this  paper.  Justification  of  the  assumption  of  a  separate  "li\-er"  pool 
follows  both  from  the  known  facts  (43,  (54,  104)  on  bile  and  fecal  excretion,  and 
in  vivo  counting,  as  well  as  from  our  own  cjuautitative  observations  of  the  bile  activ- 
ity after  intravenous  thyroxine  I'^'  injection  into  several  dogs  (after  transduodenal 
cannulation  of  the  common  bile  duct)  and  into  a  subject  with  gangrenous  chole- 
cystitis with  a  common  duct  drainage  tube.  These  results  will  also  be  discussed 
later.  We  performed  several  plasma  sodium- 1 -thyroxine  disappearance  experi- 
ments with  I'^'  labelled  thyroxine,  which  was  obtained  both  in  water-soluble 

*  The  definitions  of  the  terni.s  used  and  a  suinniarx-  of  the  funchiniental  assumptions  un- 
derlying the  formuhition  of  /i-pool  models  of  first  order  metabolic  systems,  as  well  as  the 
actual  formulations  and  solutions  of  such  models  are  discussed  at  length  in  "Multi|)le-pool 
analysis  in  tracer  studies  of  metabolic  kinetics"  (!)2)  and  in  "Studies  of  iodine  nietaltolism  : 
IV"  (90).  The  latter  paper  deals  specifically  with  three-ijool  models  which  are  applicai)le 
directly  to  iodide  (9.3)  and  thyroxine  subsystems  of  iodine  metabolism  and  to  the  initial 
three-pool  subsystem  of  iron  metabolism  (94). 
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form  (S(iuibb)*  and  in  .")()  pci-  cent  propykMir  ijlycol  (Al)l)()tt).  All  subjects  re- 
receivod  three  doses  daily  of  .")-10  drops  of  Lugol's  solution  during  the  experiment 
and  at  least  for  two  days  prior  to  the  initial  injection  of  the  exogenous  I'^'  labelled 
sodium- 1 -thyroxine.  Blood  specimens  were  collected  at  convenient  intervals,  at 
first  every  five  minutes,  then  hourly  and  finally  daily;  plasma  samples  were 
counted  as  in  the  iodide  experiment  (93).  Stool  specimens  were  collected  o\  er  a 
period  of  at  least  a  week  or  more,  and  the  cunuilative  activity  extrapolated  (to 
its  asymptotic  maximum)  to  obtain  the  total  fraction  of  initial  activity  eventually 
excreted  as  thyroxine  or  its  derivatives  in  feces.  Urines  were  also  collected  and 
counted,  though  these  results  are  not  elalx)rated  upon  in  the  present  study. 

The  main  purpose  of  blocking  the  thyroid  gland  with  stable  iodide  during  the 
experimental  period  is  to  prevent  the  reassimilation  of  I'"  by  the  thyroid.  Such 
recycling  of  I'^'  derived  from  the  degradation  of  labelled  hormone  can  be  con- 
siderable in  cases  of  thyrotoxicosis  (102),  and  is  probably  grossly  underestimated 
in  the  studies  of  hormone  degradation  in  euthyroid  subjects  (8,  56).  Although  it 
is  a  known  fact  that  large  amounts  of  potassium  iodide  inhibit  the  release  ot 
hormone  from  the  thyroid  gland  of  patients  with  hyperthyroidism  ("24),  w(> 
expected  to  encounter  no  significant  changes  in  thyroxine  metabolism  in  euthy- 
roid patients  during  the  experimental  period  of  ten  to  fourteen  days  with  daily 
intakes  of  stable  I'^  not  exceeding  200  300  mg.  Such  a  steady  state  should 
guarantee  a  constant  rate  ot  degradation  of  the  hormone  (even  though,  as  was 
noted  above,  tliis  process  may  not  be  a  first  order  reaction  and  may  change  with 
the  sijuare  of  the  concentration  of  thyroxine  in  plasma)  and  hence  a  constant 
rate  of  I'"  disappearance  from  plasma,  after  a  final  eciuilibrium.  In  most  of  oui- 
euthyroid  subjects,  however,  the  data  corresponding  to  the  third  exponential 
components  of  the  plasma  I'"  thyroxine  disappearance  curves  (which  should 
approximate  straight  lines  on  semilogarithmic  paper  after  the  second  or  third 
day  following  injection  of  labelled  sodium-1 -thyroxine),  have  exhibited  too 
much  variability  to  be  explained  on  the  basis  of  diurnal  variations  of  plasma 
volume  or  other  errors  inherent  in  prolonged  biological  experiments.  In  some 
cases,  after  4  to  7  days  the  slope  of  I'"  activitj'  begins  definiteh'^  to  decrease  (Fig. 
1).  This  phenomenon  is  also  apparent  in  the  data  shown  by  (lold.smith  and  Eis(>le 
(23).  Such  variability  can  be  explained  on  the  basis  of  small  changes  of  thyroxine 
levels  following  I'-'  administration,  especially  if  one  remembers  that  the  process 
of  hormone  degradation  is  a  second  order  reaction  and,  therefore,  any  changes  in 
radioactivity  will  appear  greatly  exaggerated.!  The  above  considerations  are 
supported  by  the  work  of  C.  L.  Mercer,  et  al  who  demonstrated  in  their  woi  k 
the  "slowing  of  thyroid  secretion  by  iodide  in  euthyroid  people"  (.")()).  Siniilai' 
thyroxine  I'"  disappearance  curves  may  reflect  the  repeated  reassimilation  by 
the  thyroid  gland  of  I'^'  derived  from  degraded  hormone  (40). 

It  will  be  suggested  at  the  end  of  this  paper  how  errors  in  the  estimation  of  the 

*  tJonerously  .suppliod  l)y  Tlic  S(|iiil)l)  Institute  for  Mcdicnl  I'csc.ircli  tlircujrli  the  cour- 
tesy of  Dr.  ('•.  K.  LiruJenblad  and  I>r.  I'.  Nniiiorof. 

t  The  .'Lssumpf ion  of  tho  o.xistcncc  of  a  fourth  exponential  coiiiponcnt  docs  not  .seem  to  i)c 
jii.«tifif'd  on  tho  l)a.Hi.s  of  avaihihlc  chnical  data. 


STrUIES  IN  IODINE  METABOLISM:  III 


399 


rate  of  horinonc  degradation  (due  either  to  the  hloekiiig  of  the  slimd  l)y  I'-^ 
or  the  recycling  of  1''")  can  l)e  axoided  or  corrected  by  means  of  the  doul)]e 
isotope  teclmiciue.  In  the  follo\viii<>;  text,  se\'eral  tliree-pool  models  of  extra- 
thyroidal  thyroxine  metahohsm  will  l)e  formulated  after  the  outline  of  the  pre- 
ceding papei-  on  iodide  nu>tal)olisni. 

Detailed  discussion  on  methodology,  basic  assumptions  and  mathematical 
ti-patnient  of  models  rei)resenting  reactions  or  processes  which  can  be  tlesciibed 
in  terms  of  linear  homogeneous  differential  eciuations  with  constant  coefHcieiits 
can  be  found  in  ".Multiple-pool  analysis  in  tracer  studies  of  metabolic  kinetics" 
(92).  A  brief  review  of  definitions,  notations,  and  necessary  eciuations  for  solving 
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Fici.  1.  Plaf--nia  t li>-n i.xiiie  I'^'  ilis:ip])earaiK'e  data  (m  a  cutliyroid  subject,  R.C!.,  receiviiiK 
dail,v  doses  of  300  ing.  of  The  disa|)i)earaiiee  curve  can  he  expressed  as  a  sum  of  three 
exponential  cuiu])(]iieiits  ia,r'^<'  +  ajr"*.''  -|~  a-jc^^^'i  during  the  first  four  days  after  thy- 
roxine I"'  injection,  and  sliows  an  abrupt  change  in  the  sh)pe  of  the  third  coniijoueiit 
(ase'^'')  after  the  fourth  da>-. 

•••  Experimental  plasma  thyroxine  P''  disappearance  data. 

(1)  is  the  first  component  aic"*'' 

(2)  is  the  second  com])onent  a-^c~''-^' 
(.3)  is  the  third  component  anf^^' 

three-pool  systems  are  given  in  the  fourth  paper  of  this  series  (90).  The  three 
separate  pools  were  already  tentatively  identified,  and  will  be  referred  to  as: 

1)  Qi  =  plasma  pool  consisting  of  iodine  in  plasma  thyi'oxine.* 

2)  Qi  =  "intrahepatic"  pool  consisting  of  iodine  in  intrahepatic  thyroxine 
and  other  organic  compounds. 

3)  Qs  =  lymph  pool,  consisting  of  iodine  in  thyroxine*  of  lymph,  other 
interstitial  fluids,  and  remaining  body  water. 

The  five  alternate  models  A,  B,  C,  D,  and  E,  are  schematically  represented  in 
Figures  2,  3,  4,  5,  and  (i,  and  were  selected  according  to  the  principles  discussed 
in  the  preceding  paper.  The  modes  of  exit  and  entry  are  assumed  to  be  the  same 
for  each  of  the  five  models  considered:  It  is  assumed  that  fi  =  Ei  =  0;  Co  and 

*  Here  "thyroxine"  may  refer  at  least  in  part  to  its  derivatives. 
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f:i  are  the  fractions  of  initially  injected  isotope  leavinjr  the  system  with  E,  (fecal 
excretion)  and  E.^  (iodide  from  the  d(>firaded  tliyroxine  released  into  iodide  snb- 
system),  respectively.  It  is  furth(>r  assumed  that  S-,  =  S3  =  0,  i.e.,  that  all 
thyroxine  entei-s  the  extrathyroidal  thyroxine  subsystem  through  pool  Qi  .  Two 
additional  constraints  are  imposed  upon  the  system  l)y  limitinfz;  the  numerical 
values  of  the  interchanfje  constants  J,,, ,  .4,,i  .  .l  .,  ,  J,.,  ,  .1,;,  and  An  .  It  will  he 
shown  (90)  that  under  the  conditions  of  all  entry  through  the  accessible  pool  , 
the  actual  numerical  values  of  E>  and  E?,  are  proportional  to  c-.  and  ,  respec- 
tively, and  do  not  depend  upon  the  values  of  the  interchange  constants  defining 
particular  three-pool  models. 

As  a  numerical  example  we  will  u.><e  the  data  on  the  euthyroid  patient  J.S. 


S, 


Fk;.  2.  ScJipmatic  rei)reseiit:iti<ni  of  Motlcl  .V  oi  the  cxt  rat  h\riii<lal  t  h\ loxiiic  uiotahiylism. 

whose  pla.>^ma  thyroxine  l'^'  disappearance  data  were  appioxiniated  by  the  sum 
of  three  exponential  functions: 

=  OASne-"  ""^"  +  0.28 1^"         +  0.284<'-" 

where  /  is  in  minutes.  The  total  fraction  of  initially  injected  isotope  which  is 
eventually  excreted  with  feces  (determined  by  an  extrapolation  method  similar 
to  the  one  described  for  urine  in  the  preceding  paper)  is  given  by  r>  =  O.O-J; 
hence  the  fraction  of  the  initially  injected  i.sotope  which  is  eventually  released 
through  E:i  into  the  iodide  subsystem  is  eciual  to  c-.i  =  1  —  ('■>  =  0.97.  The  thy- 
roxine iodine  content  of  plasma  is  given  by  =  HUM  Mg  (plasma  volume  in 
ml  X  Mg  of  PBI'"'  ml).  The  models  A,  B.  and  C,  are  similar  to  the  models 
I,  II,  and  III,  respectively  of  the  iodide  metabolism,  except  that  they  have 
different  modes  of  exit  and  entry,  and  that  the  subscripts  2  and  '.i  are  reversed 
in  the  second  group  of  models.  Similarly,  model  D  corresponds  to  one  of  the 
models  used  in  "Studies  in  iron  kinetics:  I\'"  (94),  and  model  E  (with  all  inter- 
change constants  greater  than  zero)  is  discussed  in  detail  in  the  fourth  paper  of 
this  series  (90).  Therefore,  for  the  sake  of  brevity,  the  detailed  descriptions  of 
individual  models,  as  well  as  explicit  writing  of  all  determinants  I)(p)  and  X,(p ) 
will  be  omitted,  and  only  expressions  leading  iimnediately  to  the  solutions  of  the 
respective  pool  sy.stems  will  be  used.  The  following  values  are  calculated  for  all 
four  models: 


.S-,  =  X,  +  X,  +  X:,  =  0.02791(1 
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s>  =  XiX,  +  \,X:,  +  \,Xi  =  om:mr,  x  lo^' 

Si  =  AiXjX,  =  0.002:5ti.)3  X  10  '■' 

A'l  =  ai(X,  +  X,)  +  /^i(X,  +  X:,)  +  Cj(Xi  +  X,)  =  0.0ir,l)(i7 

X,  =  «iX,X3  +  /^iX,X:i  +  fiXiX,  =  0.009(il08()  X  10"\ 

/,  i  ,  /.■■..  ,  and  Aij  are  the  same  for  models  A,  B,  and  C\  >  I:-,  is  the  only  combi- 
nation of  /,;{  and  k-2  that  can  satisfy  models  B  and  C,  while  in  model  A,  >  L-y  is 
theoretically  possible.  (In  case  of  model  D,  As  ,  and  therefore  k-2  ,  has  only  one 
solution.) 

Setting  A'l  =  k-2  +  k-i  and  A'-.  =  k-J:,;  .  the  relati\-e  disappearance  rate  constants 
can  be  solved  for  models  A,  B,  and  C,  following  the  scheme  used  for  models  I, 
II,  and  III  of  iodide  metabolism  (92,  93): 

Ai  =  0.01195 

k-2  =  0.000()205 

A-3  =  0.01534. 

M(xlcl  A: 

This  model  is  similar  to  model  I  (93).  It  is  assumed  that  .4 23  =  ^32  =  0. 
Also  fi  =  0;  c-2  =  0.03;  d  =  0.97. 

A^A2.  =  ^^~^^t  +  ^^''fV+^^'  =  0.07362 

,     ,          s-ikx  -  S3  —  A-3"(  A-i  +  A-2 )  „n— n 

''''^^■'^  =   kM.-k,)   =  ^-^'^-^'^ 

^21  =  -4,2-42,  +  =  0.07424 


Ai-2  — 

-4 12-4  2,  _  0.99168 

-421 

.4o2  = 

1  -  -4,2  =  0.00832 

.4.31  = 

1  -  ^421  =  0.9257() 

Ao3  = 

^-""■-'-^ 

Alz  = 

1  -  -4  03  =  0.97842 

Qi  = 

134.3  ng  { given ) 

Q2  = 

^  -42iQi  =  190.2  „g 

E.  = 

k-iAo-iQi  X  1440  =  ] 

1.43  i^g  day 
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E31  =  hAoJh  X  1440  =  4G.2  ng  day 


-4oiA- 


92 

go  \_     (X,  —  X.,)(Xi  -  X:,)    ■    (Xi  -  Xo)  (X,  -  X3) 


+ 


(Xi  -  X:!)(X 


5-X,lJ 


L>fifi5/ 


(Xi  -  k2)e  ,       (X2  -  ki)e 


[ 

/.-■■  -  X:,)P''''  "I 
-  X3)(X2  -  X:i)J 


^  =    I:  A- 

qo      '  ''^'^       L      (Xi  -  XsXXi  -  X:j)    '    (X,  -  X.-XXo  -  Xii) 


In  tho  above,  the  factor  1440  was  used  to  change  the  rate  of  transfer  per  minute 
to  rate  per  day.  It  should  be  noted  that  tho  values  E2  and  E-.i  luv  identical, 
respectively,  for  all  fovu-  models  considered  and  can  be  shown  (90)  to  be: 

E,  =  'J^    and  = 

If  !:■>  is  assumed  laijier  than  /,;,  ,  A'j  and  E.i  still  remain  the  same  while  the  respec- 
tive pool  sizes  become: 

(h  =  94.6  Mg, 

and 

Q,  =  2.39.8  Mg. 

Mi,dd  B: 

This  model  is  similar  to  model  II  {U'A ),  th()Uji;h  hei-e  ,132  =  -I21  =  0  and  Am  =  1. 
The  values  of  c,  are  as  before:      =  0;  (■■■  =  0.0:5;  r.^  =  0.97: 

.1,3  =  .l,3.h,  =  ''''''  +        +        ~     =  0.90879 
.1 12.1 2.3  =  .1 12-4  31.4  23  =  1  -  .4  13-4  31  -  7-^-  =  0.070()1 
=  =  0.01 9!)8 

kik2K3 

.423  =  1  -  .4 13  -  /1 03  =  0.071 2::5 
,4 12  =  =  0.99 1;« 

-423 
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(Xi  -  A-2)e  ^     (Xo  -  k2)e- 


(Xi  -  X.,)(X2  -  X:!)      (Xi  -  X,.)(X2  -  X3) 


(X,  -  X3)(X2  -  X3)J 


M<uh  l  C: 

Tliis  model  is  similar  to  model  III  though  h(>re  .lij  =  .-I23  =  0.  The 

values  of  c,  are  as  before:  ci  =  0;  (-2  =  O.Oo;  Ci  =  0.97. 

j.,.43i  =  ^1^^  +        +  ^-^^x  -     =  0.90879 

-4 13-1 30.4  21  =  1  -  .4i3.4:u  -  =  0.070()1 

=  .4i3.43i(l  -  .4o2.42i)  ^  A-iA-2A-3  +  A-2-(  A-i  +  I;)  -  s-^-,  A  _  _e^\ 

-4 13-4  31   +   .4 13.4  32-421  A'iA  -jA's  —   S3  \  A  lA"2A'3/ 

=  0.92733 
,li3  =  =  Iff'  ~       =  0.98001 

.421  =  1  -  An  =  0.07267 
.4  02  =  ,   'f\     =  O.OO80O 

/.•lA-2A-3.421 

.432  =  1  -  .402  =  0.99150 
.4  03  =  1  -  -4 13  =  0.01999 

Q,  =  '^A,,Q,  =  180.2 

E2  =  1.43  ng  day 

(?3  =  ^  (-431  +  .42,.4  32  )a  =  104.()M.f/ 
E3  =  40.2 

03  ^   .43lA-i(  A-2  -  Xi)   +  -432.42lAlA2^  X,, 

qu  (Xi  —  X2)(Xi  —  X3) 

_  /l3lA'l(A'2  —  X2)   +  -432.42l/»'lA'2  g-Xjf 
(Xl  -  X2)(X2  -  X3) 
.43iA'i(A'2  —  X3)   +  .432.42lA'iA'2  -Xjf 
^  (X,  -  X3)(X2  -  X3)  ^  • 

Model  D: 

In  thi.s  model  .I,.  =  -12,  =  0;  .l,,  =  1 ;  r,  =  0;  c,  =  0.03;  c,  =  0.97.  Here 
A-2  and  A-j  differ  from  the  eorrcspoudiiifz;  values  in  models  .\,  H,  and  ('  (92,  94): 
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-432^42 


■^23 


XoSi  —  A^iA'"2  —  §3  _ 
.YiSi  +  X2  -  A'l"  -  S2 

X\  -  h  =  0.01.-)292 

si  -  A'l  =  0.01195 

S2A'2  —  S3  —  k2^{ki  +  A'2) 


0.00067518 


0.0(1914 


.4  13.4  31 


-  SaA-i  +  A-i"(A-2  +  A-3) 


A-iAy-A 


A-iA-3(A-i  -  A-2) 

-  =  0.01860 

3 

•4 13  -  .4  03  =  0.06972 


0.91168 


0,  .  k, 
I  PLASMA  THYROXINE 


Fig.  5.  Schematic  representation  of  Model  D  of  the  extrathyroidal  thyroxine  metabolism. 
,432  =  lliilk^  =  0.99172 

^423 

^4o2  =  1  -  .432  =  0.00828 
„  A-u423Qi  i7on  ^ 

E2  =  1.43  fig /day 

Q3  =  ,       ^'^l  ,   ,  =  112.8 

A-3(l   —  .423-432) 

£3  =  46.2  ng/day. 

Here  as  in  the  case  of  three-pool  iodide  subsystems,  the  pool  sizes  (Q2  and  Q3 , 
respectively)  do  not  change  significantly  with  difl'erent  models,  two  of  whose 
interchange  constants  are  set  ecjual  to  zero  (see  Table  I).  Following  the  scheme 
used  in  the  study  of  iodide  subsystems  (93),  "average  values"  are  assigned  to 
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('onstauts  A-^  and  A^i  and  a  new  model  K  is  formed  with  none  of  its  six  inter- 
change constants  eciual  to  zero.  This  model  is  (hscusscd  at  length  in  part  II  of 
•'Studies  of  iodine  metabolism.  IV"  (90),  and  therefore  only  final  and  numerical 
terms  will  appear  in  this  text. 

Model  E: 

Let  An  =  fliii  =  0.03;  .432  =  ay,  =  0..")  and  d  =  0;  ('-2  =  OM,     =  0.97. 
Following  the  above-mentioned  scheme,  we  get: 

A-2  +  /.;!  =  0.0ir)9()7  =  A'l 

=    =  0.00975722  X  10"' 

1   —  023032 


s, 


Fig.  6.  Schematic  representation  of  Model  E  of  the  extrathyroidal  thyro.xine  metabolism, 
and  therefore 

A-i  =  0.011949 
A-2  =  0.00063646 
A-3  =  0.015330. 

Furthermore : 

r  =  =  0.020288. 

After  appropriate  substitutions  (90)  the  third  degree  e(iuation  in  A21  ,  becomes: 

.421^  -  1. 99144.4 21^  +  0.0236526.421  +  0.00266770  =  0. 
This  equation  has  three  solutions: 
1)  .421  =  0.0435736 
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2)  =  1. 978801) 

3)  .1,1  =  -0.00:^0939, 

oiily  one  of  which  (namely  the  first)  satisfies  the  general  pool  conditions.  There- 
fore: 

An  =  0.04;i.)7 

=  1  -  -t-.i  =  0.9:)()43 
e-iV 


0.00842 


-lo3  =   ■         ,     =  0.02012 

.4i,  =  1  -  .4,,,  -  n:,2  =  0.49158 
.1,,  =  1  -  a-r,   -  J  0.3  =  0.94988 
Qi  =  liU.:}  MS  (given) 

A--..        1  —  a-23a:i-2 
E,  =  k.,A„-2Q'2  =  0.0009917  Mg  niin  =  1.43  jug/day 

Q,  =  p  Q,         +  ""^^^^       104.0  Mf/ 
As  1  —  023032 

Ei  =  kxAoiQ^  =  0.0320()o  ^g  niin  =  4<i.2  MS  'day.  | 

All  the  above  results  on  subject  J.S.,  as  well  as  those  on  subject  H.I).,  are  sum- 
niaiized  in  Table  I. 

In  discussing  the  variability  of  pool  sizes  with  various  iodide  models  (93),  we 
mentioned  the  fact  that  it  is  customary  to  cxaluatc  the  total  "volume  of  distri- 
bution" of  a  metabolite  from  the  extrapolation  of  llic  final  or  "eciuilibrated" 
portion  of  the  corresponding  plasma  (lisa])|)c;uaiic('  curxc  ( 'onipaiati\c  pool 
sizes  for  models  I,  II,  III,  and  for  curNc  extiaptjlat ion,  for  iodide  iiietal)olisni 
have  been  given  in  Table  IV  of  paper  II  (93).  Similai-  values  for  extrathyioidal 
thyroxine  system  are  given  for  two  subjects  in  Table  II.  Here,  since  ,  /13  »  /■'2  , 
the  extrapolation  ('(|Uatioiis  become: 

^^1  +  Q2  =  and        +  Q,  +  ^3  =  -  , 

"1  +  Ci  Ci 


and  therefore 


(h  =  -rr^.  :       and  Q, 


Cidh  +  Ci)  '      hi  +  ci 

As  was  previously  mentioned  (93j,  the  extrapolation  method  for  e\aluation  of 
pool  sizes  is  not  mathematically  valid.  (Note  that  the  representation  of  the 
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pools  in  tonus  of  the  inicrogiams  of  the  motabolito,  ratlier  than  in  terms  of  their 
"vokuues"  of  distribution,  is  indopondcnt  of  the  possible  variations  in  the  con- 
centration of  the  metabolite  within  different  body  compartments.)  An  heuristic 
proof  of  the  above  follows  from  the  fact  that  a  sinjile  approximating  curve  may 
reflect  the  behavior  of  a  series  of  distinct  pool  models  with  correspondingly  vary- 
ing pool  sizes  (Table  II  and  reference^  9'.i,  Table  In  practice,  the  extrapolated 
values  for  the  total  metabolite  (Qi  +  +  Q-.i)  contained  in  the  three-pool  sys- 
tems of  iodide  and  thyroxine  metabolisms,  exceed  the  amounts  calculated  on  the 
basis  of  corresponding  pool  models  by  ap])r()xiiiiately  ten  per  cent.  Such  devia- 

TABLE  II 


Comparison  of  Various  Pool  Sizes  on  Two  Euthyroid  Subjects,  Based  on  Calculations  for 
Models  A,  B,  C.  D  and  E  of  Extrathyroidal  Thyroxine  Metabolism  and  on  Extrapolations* 
from  the  Approxiniali ny  Ciirrcs  to  the  Plasma        Thyroxine  Disappearance  Data 


Subject 

Method  of 
Calculation 

Plasma  Thyroxine 
Iodine  Pool  in  ng 

Q2 

Intratepatic 
Thyroxine  Iodine 
Pool  in  11% 

(?3 

Lymph  Thyro.xine 
Iodine  Pool  in  |^g 

<?i  -1-  02  -1-  03  in 

J.S. 

Model  A 

134.3 

190.2 

96.9 

421.4 

"  B 

182.5 

104.6 

421.4 

"  C 

186.2 

104.0 

425.1 

"  D 

178.0 

112.8 

425.1 

"  E 

185.0 

104.0 

423.3 

Extrapolation 

235.2 

103.4 

472.9 

from  curve 

R.D. 

Model  A 
"  B 
"  C 
"  D 
"  E 
Extrapolation 
from  curve 

235.2 

224.0 
211.8 
217.1 
204.0 
214.4 
262.1 

107.1 
119.3 
119.3 
132.4 
119.4 
114.2 

566.3 
566.3 
571.6 
571.6 
569.0 
611.5 

*  Note  that  extrapolated  values  are  not  valid  mathematically. 


tions,  however,  are  much  greater  for  single  pools  Qi  and  Qz ,  and  may  vary  even 
more  for  models  with  other  modes  of  exit  and  entry.  In  any  event,  the  failure  of 
the  extrapolation  method  to  supply  accurate  pool  sizes  cannot  be  attributed  to 
slow  mixing  as  suggested  by  Ingbar  and  Freinkel  (39). 

As  was  mentioned  before,  the  amount  of  thyroxine  degraded  and  excreted  per 
day  is  completely  independent  of  the  models  considered  in  this  paper.  In  addi- 
tion, the  respective  sizes  of  either  Qi  or  Qz  do  not  change  significantly  when 
calculated  for  any  one  of  the  abo\'e  models  (Table  I).  This  leads  to  a  speculation 
on  the  dependency  of  these  physiological  parameters  upon  the  exact  dynamic 
interconnections  or  pathways  between  various  extrathyroidal  thyroxine  com- 
partments. Similar  results  were  obtained  in  the  studies  of  iron  (marrow  iron 
transit  pool)  (94)  and  iodide  (93)  metabolisms.  That  the  pool  Q:i  as  used  in  the 
preceding  analysis  can  be  actually  identified  with  the  lymph  follows  from  com- 
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parison  of  theoretical  (calculated)  activity  (Fig.  7)  with  that  of  lynipli  following 
an  intravenous  injection  ot  I'"  thyroxine  after  cannulation  of  the  thoracic  duct 
in  the  neck  according  to  the  method  of  Linder  and  Blonistrand  (50)  (Fig.  8). 
Figure  9  represents  simultaneous  experimental  data  of  tracer  distribution  in 
plasma,  bile  and  lymph  after  an  intravenous  injection  of  labelled  sodium-l-thy- 
roxine  in  a  dog  (IG,  .50).  The  difference  in  relative  positions  of  various  curves 
must  be  attributed  to  the  fact  that  the  calculated  values  in  Figure  7  refer  to  the 
total  fractional  activities,  whereas  in  Figures  8  and  9  they  express  relative  con- 


p  0.30- 
o 

<  0.20- 


o  0.03 
^  0.02 


10  12  14  16 
TIME  IN  HOURS 


18    20    22  24 


Ki(..  7. 
of  .Model 
following 


Theoretical  tracer  distribution  curves  for  various  extrathyroidal  thyroxine  pools 
.\,  based  on  the  experimental  I'"  thyroxine  di.^appearance  data  on  subject  J.S., 
an  intravenous  injection  of  a  tracer  dose  of  I'^'-labelled  sodium-l-thyroxine. 
•—•-•(91/90)  =  normalized  I'"  thyroxine  disappearance  curve  in  pool  Qi 
(calculated). 

-0-0 (92/90) =  simultaneous  tracer  distribution  curve  of  intrahepatic  iodine 
pool  Q,(A). 

A  a(9j/9o)(.4)  =  simultaneous  tracer  distribution  curve  of  the  lymph  thy- 
roxine iodine  pool  Q3(A). 
XXX      Normalized  experimental  plasma  I'"  thyroxine  di-sapjiear- 
ance  data. 


centrations  in  plasma,  lymph,  and  bile.  Figure  10  represents  radioacti\ity  in 
plasma  and  in  bile  of  the  subject  H.B.,  with  acute  gangrenous  cholecystitis  with 
cholecystostomy  drainage  tube,  after  an  intravenous  injection  of  I'"  labelled 
.sodium-l-thyroxiiie.  Xote  that  in  this  case,  the  activity  per  unit  volume  in  the 
bile  does  not  exceed  significantly  that  in  plasma.  That  the  pool  Q2  actually  rep- 
resents the  activity  in  the  liver  seems  indicated  by  in  vivo  counting.  In  Figure  1 1 
the  activity  over  the  liver  area  after  intravenous  injection  of  sodium-l-thyroxiiie 
increases  for  several  hours,  while  similar  readings  on  the  left  side  of  the  same 
normal  .subject  do  not  indicate  any  significant  increase  in  activity.  In  Figuie  12, 
however,  similar  readings  over  the  same  two  regions  of  a  cirrhotic  patient  show 
no  such  difference. 
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Fi(j.  8.  Radioactivity  in  plasma  and  lymph  of  subject  E.T.,  after  an  intravenous  injec- 
tion of  I'^'-labellfMi  sodium-l -t  liyroxiiie,  following  the  thoracic  duct  cannulation. 
#— •  •  Radioactivity  in  plasma. 
O— O— O  Railioactivity  in  lymjjh. 
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Fig.  9.  Radioactivity  in  plasma,  l>-m])h  and  bile  of  a  dog  (*2077)  after  an  intravenous 
injection  of  P"-lal)pllp(l  si>ilituu  1  t  h\ roxine,  following  the  cannulation  of  the  thoracic 
duct  and  the  transdimdenal  cannulation  of  the  common  bile  duct. 

•  Activit.v  in  jilasma. 
C— O^O  Activity  in  lymph. 

A  A  A  Activity  in  bile. 

Note:  The  bile  samples  corresponding  to  77,  82,  87,  and  92  minutes,  contained  visible  blood. 
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Fig.  10.  Radioactivity  in  plasma  and  bile  of  the  subject  H.B.  with  acute  gangrenous 
cholecystitis  with  cholecystostomy  drainage  tube,  after  an  intravenous  injection  of  re- 
labelled sodium-1 -thyroxine. 

9  9  9  Radioactivity  in  plasma. 
A — A — A  Radioactivitj-  in  bile. 


Fig.  11.  In  vivo  activity  over 
the  hepatic  and  splenic  areas  of  a 
normal  subject,  after  an  intrave- 
nous injection  of  I'"-labelled  so- 
dium-1-thyroxine. 

999  in  vivo  activity  over  the 

hej)atic  area. 
COO  In  vivo  activity  over  the 
splenic  area. 


30  6G  90 

TIME  IN  MINUTES 


The  apparent  inadequacy  of  limiting  each  study  of  iodine  metabohsm  to  either 
its  inorganic  or  organic  component,  calls  for  more  extensive  studies  by  means  of 
double  isotopes.  The  metliod  for  simultaneous  u.se  of  I'^'  and  I'-*  has  been  de- 
veloped in  our  lalwratory  (17)  and  a  set  of  such  simultaneous  determinations 
of  the  activities  due  to  I'-^'  tagged  thyroxine  and  as  iodide,  lx)th  in  the  plasma 
and  lymph  of  a  dog,  is  demonstrated  in  Figure  18.  Besides  the  usual  advantages 
of  a  double  isotope  technique,  the  simultaneous  .study  of  iodide  and  thyroxin' 
subsystems  of  iodine  metabolism  has  specific  advantages  which  can  be  subdividi  il 
into  the  following  three  categories. 
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Fig.  12.  In  vivo  activity  over  the  hepatic  an 
liver,  after  the  int  ra\-i'n( ms  in  ject  ion  of  lal 
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ic  areas  of  a  sul).ject  with  cirrhosis  of 
odium- l-thvr<j.\ine. 
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Fig.  13.  Simultaneously  observed  and  I'^'  tracer  distribution  in  plasma  and  in  lymph, 
after  an  intravenous  injection  of  sodium  iodide,  I'-\  and  I"'-labelled  sodium-l-thyroxine, 
following  cannulation  of  the  thoracic  duct  in  a  dog: 

•  I'"  activity  in  plasma. 

O — O  0  I'-*  activity  in  lymph. 

A— A— A  Thyroxine  I'^'  activity  in  plasma. 
A  A-  -  -A  Thyroxine       activity  in  lymph. 


I.  Iodide  Subsyste7n:  In  studying  iodide  metabolism  of  a  given  subject,  we 
have  been  assuming  "average  values"  of  50  Mg  per  day  for  hormonal  degradation 
and  7.5  per  day  for  hormonal  fecal  excretion  (93).  A  change  in  these  values 
would  result  in  a  corresponding  alteration  of  the  size  of  the  "a\'erage  initial 
miscible  iodide  pool"  as  well  as  of  the  remaining  pool  constants.  A  simultaneous 
determination  of  plasma  PBI'-"  content,  as  well  as  the  determination  of  the  true 
rate  of  hormone  degradation  and  fecal  hormone  excretion  of  the  subject  by 
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moans  of  a  sodiuni-l-thyroxinc  tiaccr  tagfj;c(l  with  a  second  radioisotope  of 
iodine,  would  automatically  ob\  iate  such  procedural  errors. 

2.  Thyroxine  Subsystem:  A  disappearance  curve  of  exogenous  I'"  sodium-1- 
thyroxine  from  plasma  is  subject  to  at  least  one  of  the  following  errors.  The 
thyroxine  radioactivity  is  due  not  only  to  the  initially  injected  thyroxine  still  in 
the  circulation,  but  also  to  partial  recycling  of  the  radioiodide  released  from  the 
degraded  iiormone.  When  the  thyroid  gland  is  blocked  by  I'-'  to  prevent  signifi- 
cant recycling  of  radioiodide,  the  system  may  no  longer  be  in  the  original  steady 
state,  and  the  thyroxine  degradation  rate  may  be  altered.  Since  the  hormone 
degradation  is  piobably  a  second  order  reaction  (5,  79),  this  would  change  the 
rate  of  degradation  of  the  {>xogenously  introduced  I'-"  thyroxine,  giving  false 
values  for  hormonal  turno\-er  rates.  An  independent  simultaneous  study  of 
iodide  metabolism  by  means  of  a  second  radioisotope  (I'-'')  would  obviate  the 
necessity  of  blocking  the  gland  by  providing  a  correction  for  the  activity  of  the 
radioactive  hormone  due  to  that  partial  recycling  of  the  released  iodide.  From 
the  amounts  of  the  first  radioisotope  (originating  from  exogenous  hormone) 
released  into  the  urine  and  from  the  study  of  the  iodide  subsystem,  the  daily 
or  hourly  amounts  of  radioactivity  incorporated  into  the  gland  can  be  deter- 
mined. The  radioactive  contributions  of  such  newly  formed  hormone  can  be 
calculated  for  any  given  time  (after  the  above-mentioned  period  of  hoimone 
degradation)  by  comparison  with  the  activity  of  the  thyroxine  formed  by  bio- 
synthesis and  present  in  the  plasma  after  the  same  interval  of  time  following 
the  injection  of  the  second  isotope  (as  sodium  V-*)  into  the  iodide  subsystem. 
The  summation  (or  integration)  of  such  corrections  for  all  endogenous  hormone 
formed  after  the  initial  injection  of  the  endogenous  thyroxine  and  bearing  th(> 
same  isotopic  label,  will  give  the  correction  necessary  to  account  for  recycling, 
without  changing  the  steady-state  of  the  system. 

■i.  Organic  Iodine  in  the  Thyroid  (Hand:  If  we  arbitrarily  assume  that  all  organic 
iodine  in  the  thyroid  gland  forms  a  chain  of  non-reversible  reactions  ending  in  the 
formation  and  subsequent  release  of  thyroxine,  then  we  can  approximate  such  a 
system  by  an  infinite  sequence  of  vanishingly  small  unidirectionally  connected 
pools  of  similar  orders  of  magnitude  (96).  The  total  iodine  content  of  the  gland 
can  then  be  calculated  from  the  time  lag  of  the  thyroxine  appearance  in  plasma 
(i.e.,  the  difference  in  time  between  its  actual  appearance  in  plasma  and  its 
theoretical  appearance  calculated  on  the  basis  of  the  data  obtained  from  the 
.solutions  of  the  iodide  and  thyroxine  subsystems  and  omitting  the  intervening 
pool  comprising  the  gland),  and  the  rate  of  thyroxine  formation  or  etiuivalently, 
combined  rate  of  thyroxine  degradation  and  fecal  excretion  from  the  extrathy- 
roidal  space.  A  double  isotope  study  would  furnish  the  neces.sary  data.  In  the 
above  concept  of  a  thyroid  gland,  the  hormone  is  treated  as  the;  final  step  of  a 
series  of  reactions  immediately  preceding  its  release  into  the  circulation.  If, 
however,  it  forms  a  separate  compartment,  i.e.,  a  distinct  pool,  additional  as- 
sumptions mu.st  be  made  before  such  system  can  be  treated  or  possibly  solved 
mathematically.  The  vmcertainty  as  to  (>xact  biological  processes  within  the 
thyroid  gland,  or  possible  release  into  the  circulation  and  behavior  of  the  iodi- 
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uated  oi-ganic  coinpouuds  is  best  expressed  in  the  words  of  Iiighar  and  Kreinkel 
(40):  "We  are  well  aware  that  if  you  give  radioactive  iodine  to  a  human  .  .  .  only 
a  relatively  small  fraction  of  this  radioactive  iodine  appears  as  thyroxine  within 
the  thyroid  gland.  Most  of  it  appears  among  the  iodinated  tyrosines.  What 
happens  when  this  hormone  is  released  to  the  circulation?  Presumably,  the 
iodinated  tyrosin(>s  undergo  deiodination  and  the  iodide  liberated  thereby  is 
either  released  to  the  exterior  or  reutilized  in  the  thyroid,  thus  the  gland  may  be 
taking  up  some  200  /ug  <>f  iodine  a  day,  but  may  not  be  putting  all  of  that  into 
thyroxine,  since  much  of  the  iodine  which  enters  the  gland  is  present  as  iodo- 
tyrosines  at  the  time  that  hydrolysis  and  deiodination  occur.  The  same  factors 
unquestionably  apply  in  release  experiments.  Here,  we  are  measuring  two  proc- 
esses. First,  we  are  un(iuestional)ly  ol)serving  the  r(4ease  ot  labelled  thyroxine 
and  triiodothyronine.  However,  as  proteolysis  occurs,  P'^'-labelled  iodotyrosines 
will  be  deiodinated  and  some  of  the  loss  of  radioactivity  from  the  gland  which 
we  observe  clinically  may  be  due  to  the  loss  of  P^'-iodide  arising  in  this  manner. 
There  is  considerable  and  increasing  evidence  that  not  all  the  iodine  produced  by 
intraglandular  deiodination  is  retained  in  the  gland.  Therefore,  we  would  not 
expect  total  iodide  accumulation  or  disappearance  to  coincide  numerically  with 
the  turnover  or  release  of  thyroxine." 
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IV.  Formulation  and  Analysis  of  Three-Pool  Systems* 

LENA  SHARXEY,  Ph.D.,  SERGEI  FEITELBERG,  M.D.,  ROBERT  LLOYD 
SEGAL,  M.D.,  AND  ALICE  MITTELMANN,  M.S. 

Xcw  York,  X.  Y. 

Ill  order  to  formulate  mathematical  models  or  analogues  of  a  metabolic  system, 
it  is  necessary  to  define  fundamental  assumptions  about  the  distribution  and 
movement  of  the  given  metabolite  within  the  body.  When  tracer  substances 
are  used  as  the  principal  tool  of  investigation,  these  assumptions  or  postulates 
must  not  only  be  consistent  with  the  known  physiological  properties  of  the 
metabolite,  but  must  also  permit  predictions  about  the  dynamic  beha\'ior  of  the 
tracer. 

In  practice  only  a  limited  number  of  the  compartments  or  pools  of  a  metabolic 
system  are  accessible  to  "instantaneous"  introduction  of  a  tracer  substance,  and 
to  its  subseciuent  sampling  and  measurement.  In  "Studies  in  Iron  Kinetics  III" 
(3)  we  discuss  in  detail  how  the  tracer  behavior  in  certain  metabolic  systems  (in 
particular  the  plasma  ¥o'^^  disappearance  after  an  "instantaneous"  intravenous 
injection  of  Fe'^-transferrin),  can  be  bestf  approximated  by  sums  of  exponential 
functions  with  constant  coefficients.  These  functions  form  solutions  of  linear 
homogeneous  differential  equations  with  constant  coefficients.  Therefore,  the 
tracer  behavior  within  a  workable  mathematical  model  of  a  metabolic  system 
can  be  described  by  a  set  of  such  differential  efiuations.f  These  equations  are 
solved  in  the  standard  manner  by  means  of  the  Laplace  traiisforms§  (2,  3,  11). 

The  general  methodology  underlying  the  formulation  of  multiple-pool  models, 
and  their  mathematical  treatment  are  discussed  in  greater  detail  in  other  papers 
(3,  7,  8,  9,  10,  11).  In  the  present  context  we  are  interested  primarily  in  formulat- 
ing and  handling  three-pool  models  which  are  directly  applicable  to  either  iodide 
(5)  or  thyroxine  (0)  kinetics. 

PART  I 

We  will  primarily  consider  models  of  metabolic  systems  (or  subsystems|| ) 
consisting  of  three  distinct  interchanging  pools  {Qi  ,  Q-i  and  Qs),  i-e.,  three  dis- 

From  the  Andre  Meyer  Department  (if  Phv.sics  and  the  Department  of  Medicine,  The 
Mount  Sinai  Huspital,  New  ^'(irk,  X.  Y, 

*  Supported  by  Public  Health  Service,  Xatiunal  Cancer  Institute  Grant  C-399L 
t  i.e.,  in  term.s  of  a  smallest  number  of  simple  functions. 

t  The  number  of  differential  equations  should  not  exceed  the  number  of  the  distinct  com- 
ponent pools  of  the  system  i\0). 

§  The  mathematical  treatment  presented  later  in  the  text  can  be  found  in  any  of  the  ap- 
propriate standard  textbooks.  It  is  hoped,  however,  that  the  following  simplified  exposition 
may  enable  the  interested  reader  to  apply  this  mathematical  analysis  to  his  own  experi- 
mental data. 

il  The  system  describing  iodine  metabolism  can  be  sejiarated  into  three  distinct  parts: 
Iodide  subsystem,  thy  roxine  in  the  thyroid  gland  and  extra-thyroidal  thyroxine  subsystem. 
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tinct  aggrogatos  of  the  inetalwliti'  wliioh  differ  from  each  other  eitlier  by  virtue 
of  anatomical  location  or  physico-chemical  state  in  which  the  substance  occurs. 
Such  a  representation  is  too  general,  however,  and  in  order  to  describe  the 
dynamics  of  a  metabolic  model  in  simple  mathematical  terms,  it  becomes  neces- 
sary to  postulate  a  series  of  assumptions  or  limiting  conditions. 

It  is  assumed  that  at  least  one  of  the  three  pools  is  ■accessihle,"  which  means 
that  a  tracer,  qa ,  of  the  metabolite  can  be  introduced  instantaneously  into  this 
pool  at  zero  time,  and  representative  samples  can  l)e  suhscHiueiitly  withdrawn 
at  desired  intervals  of  time. 

It  is  further  assinned  that  the  model  is  a  reduced  three-pool  system  (10)  i.e., 
some  of  the  metabolite  from  any  one  of  the  pools  is  transferred,  though  not 
necessarily  directly,  into  the  other  two.  All  mixing  is  assinned  to  be  instantaneous 
(10),  so  that  for  a  sufficiently  small  interval  of  time  the  same  fraction  of  the 
tracer  as  of  the  stable  isotope  lea\'es  a  gi\(>n  pool,  or  is  transfen-ed  from  one 
pool  to  another.  This  implies  that  the  behavior  of  the  tracer  in  each  of  the  three 
pools,  which  is  described  by  the  tracer  distribution  functions  qi{i),  q-iit),  and 
^3(0)  reflects  the  dynamics  of  the  stable  metabolite  as  a  whole. 

It  is  assumed  that  the  metabolic  system  represents  either  first  order  reactions 
only  or  is  in  a  dynamic  eciuilibrium.  A  first  order  reaction  implies  that  the  late 
with  which  the  substance  is  transferred  from  one  pool  to  another  (or  to  the 
outside),  or  the  rate  of  reaction  changing  its  cluMuical  properties,  is  directly 
proportional  to  the  size  of  the  pool  from  which  the  substance  originates.  Tlu> 
reaction  is  of  second  order  if  its  rate  is  proportional  to  the  square  of  the  amount 
of  the  metabolite  present  in  the  corresponding  pool,  etc.  If  a  system  is  in  dynamic 
eciuilibrium  and,  therefore,  eciual  amoimts  of  the  substance  leave  and  enter  each 
of  the  pools  i-e.spectively,  the  order  of  the  imderlying  reactions  no  longer  matters, 
since  all  transfer  rates  of  the  stable  metabolite,  and  hence  those  of  the  tracer 
substance,  are  directly  proportional  to  the  amounts  present  in  the  respective 
pools.  The  tracer  distribution  within  such  a  system  can  be  described  in  terms  of 
three  homogenous  linear  differential  ('(luations  with  constant  coefficients. 

The  following  notation  and  definitions  are  used  (see  Figures  1  and  2). 

Qi  ,  Qi  and  Q^,  Qi  and  Qi{t)  denote  both  the  pool  and  the  amounts  of  the 
metabolite  in  the  pool  Q,  at  the  time  /.  When  the  system  is  in  dynamic  eciui- 
librium Qi{l)  =  Q,  =  constant. 

/.'i  ,  A-o  and  k-i,  k,  is  the  relative  rate  with  which  the  substance  leaves  the  pool 
(},  .  Thus,  during  the  dynamic  cfiuilibiium,  1:^(^1  for  instance  is  the  amount  of 
the  metabolite  leaving      per  unit  time  and  eciuals  a  constant. 

Aj,;  A  con.stant  fraction,  ,1^,  ,  of  the  amount  of  the  substance  leaving  the 
pool  Qi  is  transferred  to  another  pool  Q,  with  the  absolute  instantaneous  rate 
Aj,kiQ,{t).  In  the  steady  state,  for  instance,  the  constant  amount  -1  ■.:(/>•.//■(  is 
transferred  from  pool  C/i  to  pool  Qi  per  unit  time. 

.In,  and  K,,  A  con.stant  fraction,  .4o,  ,  of  the  amoiuit  that  l(>aves  pool  Qi  is 
eliminated  entirely  from  the  three-pool  system  at  an  instantaneous  rate 
A,uk.Q,(()  =  A',(0-  When  the  system  is  in  the  dynamic  e(|uilil)ritnn  this  rate 
becomes  a  constant  and,  for  instance,  the  amount  Ai,J:-.(J',  =  K-<  leav(>s  the 
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throe-pool  system  from  pool  per  unit  time.  Ei  +  /v>  +  E.i  is  the  total  amount 
of  the  metabolite  leavinji'  the  three-pool  system  per  miit  time.  In  addition,  for 
each  /, 

E  A,,  =  1. 

When  /  =  1,  this  becomes  A^i  +        +  An  =  1. 


Fk;.  1.  Schomatif  ropreseiita- 
tiiin  cif  a  ijciioral  rcMluccd  three- 
intidol. 


Q3 


S,  E,  =  Ao,K,Q, 


Fig.  2.  Schematic  representa- 
tion of  a  general  reduced  three- 
pool  system. 

Here  the  actual  amounts  of  the 
metabolite  transferred  from  one 
pool  to  another,  or  leaving  the 
system  as  a  whole,  are  indicated 
by  annotated  arrows. 


Si  ,  So  and  ;  .S,  is  the  amount  of  the  metabolite  entering  pool  Q,  of  a  steady 
state  system  per  unit  time:  .S'l  +  S-.  +  .S's  =       -f      +  E-i  . 

9,(0 1  92(0  and  qnit);  q,(t)  stands  for  the  amount  of  tracer  contained  in  pool 
Qi  at  the  time  t.  If  the  tracer  is  radioactive,  each  qi{t)  represents  the  an^ount  of 
the  isotope  corrected  for  decay  with  reference  to  a  single  standard  time. 

QiiO)  and  qo ;  5,  (0)  is  the  amount  of  tracer  which  is  introduced  instantaneously 
into  the  pool  at  the  time  /  =  0.  In  the  following  we  will  consider  only  the 
case  where  the  tracer  isotope  is  introduced  into  a  single  pool.  Let  Qi  be  such  an 
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accessible  pool,  then  fy,(0)  =  (/,,  and  fy-iO)  =  <?:i(0)  =  0.  In  the  following  q,  is 
always  understood  to  mean  qdt). 

Ci  ,  and  ('3 ;  c,  is  the  fraction  of  q^,  which  is  eventually  eliminated  from  the 
system  with  . 

,  ^2 ,  X3 ,  a,  ,  h:  and  c,  ;  It  will  be  sliown  that  the  solution  of  each  [?,  (/)]  90 
is  a  sum  of  three  exponential  functions  with  constant  coefficients.  The  three 
exponents  are  —\\t,  —  Xo/  and  —\^t  (where  t  is  tune)  and  the  corresponding 
coefficients  are  a,  ,  6,  and  c,  ,  such  that  for  i  =  1,  Oi  +  61  +  Ci  =  1  and  for  i  =  2 
or  3 

02  +  h  +  C2  =  03  +  Ih  +  fs  =  0. 

qo 

In  the  above,  all  relative  transfer  rates,  /, ,  ,  and  the  interchange  constants, 
Aji ,  apply  both  to  the  tracer  and  the  non-tracer  material. 

The  three  differential  ecjuations  describing  the  tracer  behavior  of  three-pool 
systems  subject  to  all  the  above  assumptions  and  definitions,  become 

~  =  Aoikiqi  -  kiq^  +  Aizk^q^ 
at 

^  =  .43i/.'i^/i  +  .132/.-2  72  -  k^q^- 

The  simplest  way  to  solve  these  equations  is  b\'  means  of  Laplace  transforms. 
(1,  2,  4,  12)  In  the  following  we  will  use  this  method  (which  can  be  applied  to 
e(iuations  describing  any  number  of  pools)  in  the  form  of  a  prescription,  intro- 
ducing as  categorical  statements  without  proof  all  needed  definitions  and  theo- 
rems. Whenever  po.ssible,  such  definitions  and  theorems  will  be  (luoted  directly 
from  Jaeger's  monograph  on  Laplace  Transformation  (4). 

Definition  of  a  Laplace  transform  (Jaeger,  p.  1  ): 

"We  suppose  «/(<)  to  be  a  known  function  of  /  for  values  of  /  >  0.  Then  Laplace 
transform  yip)  of  y(t)  is  defined  as 

y(p)  =  f  e~'"yit)(U, 

where  p  is  a  number  sufficiently  large  to  make  the  iiitcgial  convergent."  .\  table 
of  Laplace  transforms  of  various  functions,  nit),  and  hence  of  functions  corrc- 
.sponding  to  various  tran.sforms,  can  be  set  up  by  using  the  above  definition  and 
integrating  various  functions.  Lor  instance: 
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2/(0 

yip) 

1 

I 

V 

e<" 

1 

V  -  a 

g-at 

1 

V  +  a 

etc. 

etc. 

Theorem  {Jaeger,  p.  14,  theorem  III):  "If  ijip)  is  the  Laplace  transform  of  1/(1) 
and  //(/)  is  continuous  and  tends  to  ijo  as  /  — +  0,  then  the  Laplace  transform  of 
d!j,  dt  is  pijip)  —  //(I ."  This  theorem  (together  with  the  fact  that  since  Laplace 
transforms  are  integrals,  tlio  Laplace  transforms  of  sums  can  be  written  as  sums 
of  Laplace  transforms)  can  be  applied  directly  to  the  differential  equations 
describing  the  three-pool  systems  (or  any  H-pool  system):  each  term  of  the 
eciuations  can  l)e  replaced  by  its  Laplace  transform  and  each  derivative  [dq,{t)]/ 
dt  by  pQiip)  —  q,{0).  Since  qi(0)  =  qo  and  92(0)  =  q?,iO)  =  0,  this  becomes 

P'hip)  -  90  =  -kifjiip)  +  Anhq-iip)  +  Auhqsip) 

pq^ip)  =  A-nh-iQiip)  -  k-yq-iip)  +  A2zhqz{p) 

pqzip)  =  A,iqi{p)  +  Azihq-iip)  -  M^ip) 


{p  +  A'i)^i(p)  -  AyJ^oqoip)  -  Anhq-Ap)  =  qo 

-AiiQiip)  +  {p  +  /.•2)^2(?>)  -  A-aksq^ip)  =  0 

-A:nqAp)  -  A,d;qo(p)  +  {p  +  I'Mp)  =  0 

The  above  is  a  set  of  three  first  degree  ecjuations  in  three  unknowns  and  can  be 
solved  for  any  one  of  the  variables  (for  instance  qi(p))  by  means  of  determinants 
(1), 

9o     ~  A  i2/i'2     —  A  isA'a 

0  p  +  1-2  -A2zh 
0     —Azih    p  +  A-3 


Qi(p) 


P  +  ki    —Aiiki  -Aiski 
■Aiiki   p  +  A-o  -.423A-3 
-.4:aA-i    —  yl.32A-2   p  +  A-. 
where  the  numerator  \iip)  of  qdp)  is  obtained  by  replacing  the  i^^  column  of 


NjXp) 
Dip) 


etc., 
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the  doternunant  D{p)  bv  I  0  j  n^spoctivolv.  The  nuiiK>rical  value  of  a  thice  hv 

thi-ee  determinant  eaii  be  obtained  by  the  I'ollow  inji;  seluMne: 
On   ai2  013 

Oil   a-22   a->3 !  =  anQ'^jz  +  ai2a2.ia:ii  +  ai303>a-.>i  —  011023032  —  022013031  —  O33O1 2O21  , 

Osi     032    033  I 

where  each  o,  ,  is  the  eon.stant  of  the  row  and  j""  column.  (In  case  of  a  second 
order  determinant  this  is  simply 

I  On    ai2  j 

=   011022   -  0;202l). 

I  Q21    022 1 

The  Laplace  ti-ansforin  of  (j,{p)  has  the  form  yip)  =  \f{p)]  [g(p)]  where  gip) 
is  of  the  third  degree  in  p  and  f{p)  is  at  most  of  the  second  degree  in  p.  We  can 
now  solve  directly  for  each  q,(t)  by  making  use  of  the  following  theorem  (Jaeger, 
p.  7,  theorem  II) :  "If  =  \f  (p)]  [3 (p)],  where/(p)  and  (p)  are  polynomials 
in  p,  the  degree  of /(p)  being  less  than  that  of  gip),  and  if 

g(p)  =  ip  -  oi){p  -  a.,)  ■■■  (p  -  a„), 

where  Oi ,  a> ,  ■  ■  ■  a„  are  constants,  which  may  be  real  or  complex  hut  must  all  be 
different,  then 

r  =  l  P   -   a,  L  gip)  Jp='.r 

(The  subscript  p  =  Or  means  that  for  each  r,  Or  must  be  substituted  for  p  in 
the  expression  in  parentheses.  The  (p  —  Or)  of  the  numerator  which  is  zero  foi- 
p  =  Or  is  cancelled  out  by  the  corresponding  factor  in  gip).  This  can  be  a^•()i(led 
by  replacing 

Rp  -  a)fripn  r/'/>n 

L       gip)       J/'-'-      "  Lf/''PU;'=". 

where  g'ip)  is  the  derivative  with  respect  to  p  of  gip).) 
"Also  the  function  ijd)  whose  Laplace  transform  is  yip)  is 

or 

'^ilgip)Jp="r 

The  latter  part  of  the  above  theorem  follows  directly  fioni  Tal)ie  1.  In  applying 
this  theorem  to  the  Laplace  transforms 
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'  '  Dip) 

the  factors  of  thr  (Icnoniinatoi-  (gip)  of  tlic  theorem)  can  be  olitainetl  hy  settiiiji 
l)(p)  =  0  and  deterniiiiiufi;  the  I'oots  — Aj  ,  — and  —An  of  the  resultiii<>-  poly- 
nomial. 

p  +  A-,      -J, ,/,-,>  -^4,:,/.-, 

/;(;;)  =     -.4.>:A-i    p  +  A..  -.1,,A;, 
-Auk,    --l:,,A-.    p  +  h 
=  P  +  +  A-,  +  I.-,) 

+  p[kMl  -  A,,A,,)  +  hk,(l  -  .123.4,,)  +  AiA-;,(l  -  .4 13.43,)] 

+   A-iA-,A-3(l    -    .4n-4„    -    .1,3.432   -   -4:3.43,    -    .l,2/l23.431    -  .Il3.l32^2l) 

=  P  +  s,p'  +  s,p  +  .S3  =  {p  +  A,)  (p  +  X,)(p  +  A3)  =  0, 

where  s,'s  are  the  "symmetric"  functions 

s,  =  A,  +  A.  +  A3  =  A-,  +  A-,  +  A-3 

s,  =  AiA.,  +  A.A3  +  A3A,  =  A-,A->(1  -  .410.4.1) 

+  Aa-3(1  -  .4,3.130)  +  A-,A-3(1  -  .I13.43,) 

S3  =  A1A0A3  =  A-iA-oA-3(l  -  .4 10.4,1  -  .4,3.43,  -  .4i3.43i  -  .l,,.l23.43i  -  .4i3.43o.4„) 

(In  the  above  —  A,  ,  —A,  and  —A3  correspond  to  Oi  ,  a,  and  a-^  of  the  theorem,  and 
Si  ,  s,  and  S3  can  be  obtained  in  terms  of  A,'s  by  expanding  the  polynomial: 

Dip)  =  (p  +  X,)(p  +  A,)(p  +  A3) 

=  p'  +  (A,  +  A,  +  A3)//  +  (A.A,  +  A,X3  +  AsAOp  +  A1A0A3) 

The  derivatives  of  D{p)  at  p  =  —A,  become: 

[/y(p)]p_x,  =  (Ai  -  Ao)(Ai  -  A3) 

[iy{p)l^-u  =  -(Ai  -  A,)  (A,  -  A3) 

and 

[/y(p)],=_x,  =  (Ai  -  A3)  (A,  -  A3) 

respectively. 

It  will  be  assumed  that  Ai  >  A,  >  A3  .  If  the  initial  tracer  was  introduced  into 
pool  Qi  ,  .Vi(p)  becomes: 

90    —  .4i2A-,  —  .4i3A-3 

.V,(p)  =    0    p  +  A-2  -.42.,A-3    =  q, 

0     -.43,A-,  p  +  A-3 

=  q„[p'  +  p(A-,  +  A-3)  +  A-,A-3(1  -  ^23.432)]. 


P  +  A-o  -.423A-3 
-.43,A-2    p  +  A> 
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The  nornializt'd  solution  of  f/i(0  then  bocomos: 

qiiO  _  Xf  -  X,(/,-o  +  A-:,)  +  A-oA-sd  -  yl2.v432) 


Qo  (Xi  -  X2)(Xi  -  X,) 

_   Xo-  -   X2(A-..  +   A-:,)   +  A-2A-3(1    -  .42.v432) 

(Xi  -  X..)(X2  -  Xs) 


,    X.,-  -  X:,(A-.,  +  I:,)  +  A-oA-al  1  -  .42:Kt32) 

(Xi  -  X3)(X2  -  X:,)  ^ 

The  otlier  two  sohitions  are  obtained  in  similar  manner. 

In  practice,  some  of  the  interchange  constants,  Aj,  ,  may  be  e(iual  to  zero  or 
to  one,*  thus  simplifying  the  manipulations  of  the  corresponding  determinants. 
When  more  than  three  pools  are  in\oIved,  the  general  solutions  in  tenns  of 
M,ip)  ,  D'  ip)  and  r"^^'  ''s  can  still  be  obtained  in  the  same  way  as  above,  except 
that  special  care  must  be  taken  in  expanding  the  resulting  determinants  (1)  of 
ordei-s  highei-  than  three. 


PART  II 

In  part  I  we  determined  the  e(|uatioiis  of  the  tracer  distril)Utiou  from  tlie 
known  values  of  pool  constants.  In  practice,  the  problem  is  just  the  reverse.  ^^'(■ 
start  with  the  disappearance  data  of  a  tiacer  substance  from  the  accessible  pool 
Qi  ,  which  in  our  case  can  be  approximated  by  a  .sum  of  three  exponential  func- 
tions : 

Qiit)  =  a^e^^''  +  a2C^''  +  a^e'^^' 

or 

  =  aie   '  +  biB   ^  +  cie 

where  Oi  -\-  hi  +  Ci  =  1  and  the  subscript  1  of  a,  b  and  c  refers  to  pool  Qi  .  A 
detaik"d  description  of  the  "manual"  method  used  to  obtain  such  approximations 
can  be  found  in  the  "Multiple-pool  analysis  in  tracer  studies  of  metabolic 
kinetics"  (10)  and  in  the  "Studies  of  iron  kinetics  IV  (7).  The  normalized  (10) 
approximating  etiuation  \q\(t)]  (ju  gives  the  numerical  values  of  Xj  ,  X2 ,  X3 ,  Oi  , 
bi  ,  and  Ci  .  Only  five  of  these  constants  are  independent  since  +  bi  +  Ci  =  i . 
(Note  that  the  constants  ,  h,  and  Cj  are  defined  in  terms  of  X,'s,  A/s  and  ^4 2.3.1. ij 
in  the  last  etiuation  of  Part  I.  In  addition,  in  the  case  of  the  models  A,  B,  C,  D 
and  Et  of  the  extrathyroidal  thyroxine  metabolism  ((i)  pi  ,  is  assumed  to  be 
e(|ual  to  zero  and  r-..  is  calculated  from  fecal  excretion  data.  Since  c.  is  the  fraction 

*  For  in.stance  in  Model  I  of  iodide  metabolism  (5)  it  i.s  a.s.sumed  tfiat  A  23  =  -^32  = 
Since,  in  addition,  no  metabolite  leaves  the  system  from  either  pof)l      or  Q3  ■  it  follow.s  thiit 
A,i  =  A„  =  1. 

t  In  the  following,  the  Models  I  II,  III,  IV  and  A,  B,  C,  D,  E  refer  to  the  three-pool 
models  of  iodide  (0)  and  e.xtra-thyroidal  thyroxine  (6)  metabolism,  respectively. 
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of  (ju  which  (with  the  l)I()ckt'd  gland)  is  ('V(>iitualiy  cxcictcd  with  E.  ,  it  can  be 
expressed  as  th(>  integral  (10) 

Similarly, 

es  =  \  —  €2  =  A-3-  lo3  f  dt. 

Only  two  of  the  r,'s  are  independent  (since  Ci  +  (■■>  +  c.i  =1),  thus  bringing  the 
total  number  of  known  independent  functions  of  the  reduced  three-pool  tracer 
distribution  system,  i.e.,  first  order  tracer  reaction  system  not  involving  dynamic 
e(iuilibrium  conditions  of  the  stable  metalx)lit('  (10),  up  to  seven.  The  same  is 
true  of  the  models  I,  II,  III  and  I\'  of  the  iotlide  metabolism,  where  it  is  assumed 
tliat  Pi  =  1  and  ('2  =  c:)  =  0.  From  Table  II  of  the  "Multiple  pool  analysis,  I" 
(10),  it  follows  that  two  more  conditions  oi-  constraints  must  be  imposed  upon 
the  three-pool  systems  in  order  to  determine  all  of  its  relative  rates  and  inter- 
change constants,  i.e.  A)  ,  L'--  ,  An  ,  A-2i  ,  An  ,  A12 ,  A:i2 ,  Au  and  A'r.i  (the  value  of 
each  Aoi  follows  from  the  defining  eciuations: 

^•loi  =1-2  Aj,). 

;=1 

In  models  I,  II  and  III  of  the  iodide  subsystem  and  in  models  A,  B,  C  and  D  of 
the  extrathyroidal  thyroxine  subsystem,  the  two  additional  constraints  are 
obtained  by  eciuating  two  of  the  interchange  constants  to  zero. 

For  a  general  three-pool  system  with  the  accessible  pool  Qi  (i.e.,  both  introduc- 
tion of  the  tracer  and  subsequent  sampling  refer  to  Qi)  and  a  given  value  of 
^23^32  (note  that  .423-432  =  0  for  models  I,  II,  III,  A,  B  and  C),  the  pool  con- 
stants A'l  ,  A-2  and  kj  can  be  obtained  as  follows  from  the  definitions  of  Oi  ,  hi  and 
Ci  (see  last  equation  of  part  I) : 

_  Ai'  -  Ai(A-2  +  A-3)  +  A-2A-3(1  -  .423.432) 
(Xi  -  X2)(Xi  -  X3) 

_  X2'  -  X2(A-2  +  A-a)  +  A-2A-3(1  -  .423.432) 

(Xl   -   X2)(X2   -  X3) 

Ci  =  \  -  ch  -  hi  . 
Clearing  fractions  we  get: 

(1   -  .423.432)A-2A-3  -  Xi(A-2  +  A', )    =   0,1  (Xl   -  X2)(Xi  -  X,)   -  Xf 
(1    -  ^23-432)A-2A-3   -   X2(A-2  +  A',)    =    -h^Xi   -   Xo )  (X.   -   X3 )    -  X2'. 

Subtracting,  and  dividing  by  (A2  —  Xi ) : 

A-2  +  A3  =  -ai(Xi  +  X.,)  -  61  (X2  -  X3)  +  X,  +  X2 


=  «i(X.,  +  X,)  +  61  (Ai  +  A:,)  +  (1  -  Qi  -  61)  (A,  +  Xo) 
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or 

/.-,  +      =  a,(X,  +  X;;)  +  /;,(X,  +  X.0  +  fi(X,  +  X,)  =  .Yi  . 

Similarly,  after  iuultiplyin<f  the  above  cleared  tiaetions  by  \-,  and  Xi  respectively, 
w  e  get : 

k-2k,{l  -  =  OiX,X;.  +  />,X,X:;  +  r,X,X,  =  A', 

When  -l-i-lsj  =  0,  as  is  the  case  for  models  I,  II,  III,  A,  B  and  C,  the  last  e(iua- 
tion  reduces  to 

A-,A-.  =  OiX..X:i  +  ^'iXiX:,  +  c,X,X.,  =  A'. 

and  the  A/s  can  be  calculated  by  means  of  the  following  formula: 

,       Xi  ±  VXi^  -  4X- 

A  o  =   =  ri ,  r-. . 

In  case  of  models  I  and  A,  botii  values  of  L->  are  possible,  i.e.,  eitlier  Ao  =  /'i  and 
A"3  =  r2  or  A-2  =  r-j  and  A-.;  =  /  ]  .  In  the  remaining  models,  only  one  set  of  values 
for  Ao  and  k-s  is  possible:  A-j  >  A-,  in  models  II  and  III  and  kj  >  A'o  in  models 
C  and  D.  The  value  of  Aj  follows  from  the  definition  of  Si  hi  part  I: 

Ai  =  .s,  -  (A-2  +  A-.,)  =  Xi  +  X.,  +  X3  -  (A-2  +  A-.3). 

The  solution  for  A^  and  A:i  of  model  I)  is  derived  elsewhere  (10).  The  remaining 
constants  A  ,,'s  and  .lo.'s  are  determined  as  described  in  considerable  detail  in 
the  "Multiple-pool  analysis  in  tracer  studies  of  metabolic  kinetics,"  (10,  part 
II )  and  actual  solutions  for  various  three-pool  models  of  iodide,  thyroxine  and 
iron  subsystems  can  be  found  in  the  corresponding  papers  (o,  0,  7).  Here  we 
will  consider  a  more  general  case,  where  no  interchange  constants  are  zero,  and 
where  .423  and  are  assigned  positive  values  003  and  032  respectively:  0  < 
a-23 ,  <  1  (Xote  that  not  all  such  values  of  023  and  may  be  possible,  i.e., 
the  tracer  distribution  system  may  have  solutions  only  for  limited  ranges  of 
such  values. ) 

When  .423  =  a>„  and  .4 32  =  Qsj  the  values  of  A^ ,  A-3  and  Ai  can  be  obtained  as 
above  from 

A-2  +  A-3  =  a,(X2  +  X3)  +  ti(X,  +  X3)  +  c,(Xi  +  X2)  =  X\ 

,  ,       01X2X3  +  biXiXs  +  C1X1X2  _  X' 
A-2A-3  -  

1   —  023032  1   —  023032 

and 

A-,  =  s,  -  (A-2  +  A-3). 

From  the  expanded  form  of  I)(p)  and  the  definitions  of  .s,'s  given  in  the  first 
part,  it  follows  that: 
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2)        (1  -  0..3«32)   -  -  AuA,,  -  a.>3.1,,,.l:n  -  03,  ,1,3,1,1  =  = 

A'lA'-.'A':i 

Equation  2)  defines  }'.  Tlie  expression  for  c,  can  he  obtained  from  the  intej^ral 


qiit) 


Suhstitutiiif;-  lor  ry,,  ry,,  the  solutions  "iven  in  part  I  and  inte^ivating  (for  details 

EXOGENOUS  IODIDE  ENDOGENOUS  IODIDE 

S3 


Fig.  3.  Schematic  representation  of  iodide  metabolism  Model  IV. 
see  ref.  10),  we  get  for  the  general  case, 

_  .4oi(l   —  .423^32)A-iA-2A-3 


.4o2(-*l23-'l3i  +  ^42l)/viA'2A"3 


^403(^432.4,1  +  -431  )/viA'2A'3 
€3  =  . 

S3 

In  the  case  of  model  IV  of  iodide  metabolism  (."))  fi  =  1  and  €2  =  =  Ac 
Aoz  =  0.  Then 


.4oi  = 


kik2ki(l  —  71,3^32 )      1  —  023032' 

.4 12  =  1  —  032 
4i3  =    1   —  O23. 

Substituting  these  values  for  An  and  .4 13  into  the  eciuation  1)  we  get 
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A-.>[1    -    (  1    -  03.>)J,,]  +  /,-3[l    -    I  1    -  rt23).l3.]  = 


Iroiu  this  and  from  tlie  identity       =  1  —  An  —       it  follows  that 
/.-i/.-.  +  hMon  +  (  1  -  a23)^-loi]  -  S2  +  A', 


and  hnallv 


A-i[/>-2(  1    -  030)    -  A-3(l   -  02-,)] 


A:a  =  I  -  A-n  -  A, 


Fig.  4.  Schemalic  reference  of  extra-thyroidal  thyroxine  metabolism  Model  E. 
In  the  case  of  model  E  of  extia-thyioidal  thyroxine  metabolism  ((i) 
AoiioizAsi  +  ^42i)/»'iA"2A'3 


3) 

Similarlv 
4) 


a2^An  +  Ai 
ezY 


032-421  +  A  SI 

Also  for  the  particnlar  mode  of  exit  assimied,  i.e.,  for  ci  =  E\  =  0: 
+  -l2t  =  1    or    ,l3,  =  1  -  .I21 

6)  .4 12  +  -4  02  +       =  1    or    .4o2  =  (1  —  032)  -  -4 12 

7)  Au  +  An  +  a-r.:  =  1    or  =  (1  -  023)  -  An- 


STUDIES  IN   IODINE  METABOLISM:  IV  433 

Using  the  last  three  expressions  to  (>Hininate  An  ,  .lo>  and  An-^  ,  tlie  eciuatioiis 
l) ,  8)  and  4)  become: 

la)     ^.(1  -  AM  +      1  -  .1:.  +  AM  ''''''^  ^  ~  "^'''^^^ 

3a)        --lo2  =  (1  -  a-ii  )  -  A  I, 


Y  e.Y 


or 


Ay, 


a-2xAn  +  .4  21      a-ii  +  (1  —  02:1). 4  21 

023(1  —  Qyi)  +  (1  —  032)  (1  —  023)^421  — 
02:,  +  (1  -  003) /1 21 


4a)        Aoi  =  (1  —  023)  —  .4i3  =  -    ,     ,   ,  , 

C32^'l21  +   i   —  -A  21 


or 


,        (1  —  023)  -  (1  -  023) (1  -  a32)-42i  -  esY 

-■tl3  =   


1   -    (  1   -  a32).421 

Substituting  the  above  expressions  for  .4 12  and  .4 13  into  la),  we  hnall}^  get 


'(1  -  023) (1  —  032)^4 21  +  [023(1  -  032)  -  e2F].42i 


[  023  +  (  1   —  02:0-421 

,  /(I  -  023)(  1  -  032)-4:3i  -  [( 1  -  023)(2  -  Q32)  -  e3r].42i  +  1  -  O23  -  ezY\ 

\  1   -   (1   -  032)^21  j 

=  A■2  +  A•3-^^^ 

Substituting  the  numerical  \-alues  for  023 ,  032 ,  €2 ,  63  and  1'  =  s-i/kikokz ,  and 
clearing  the  fraction  results  in  a  third  degree  equation  in  .42i  of  the  form 

0.421  +  W21  +  c^2i  +  r/  =  0. 

This  can  be  solved  for  .42i  in  any  of  the  several  accepted  ways.  As  a  rule,  for  a 
given  set  of  values,  023  and  032 ,  at  most  one  solution  will  give  acceptable  values 
for  .421 ,  i-e.,  0  <  ^21  <  1-  The  remainder  of  the  constants  follow  directly  from 
expressions  5),  3),  4),  6)  and  7).  Xote  that  .4 01  was  assumed  to  be  zero.  The 
actual  numerical  calculations  for  this  model  are  given  in  the  paper  on  extra- 
thyroidal  thyroxine  metabolism  ((>). 

In  order  to  determine  the  amount  of  metabolite  present  in  each  pool  or  elimi- 
nated from  any  part  of  tlie  steady  state  system  (i.e.,  to  define  a  tlncc-pool  system 
in  dynamic  equilibrium  completely)  six  more  constraints  arc  nccivssary  (10). 
Three  of  these  are  supplied  by  the  three  efiuilibrium  conditions: 

A-iQi  =  N.  +  -4j2A-2Q2  +  AnhQ, 
=  N2  +  A.J;,Q,  +  A,,k,Q, 


'%  +  AnhQl  +  ^32^-2(32 
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In  the  case  of  the  models  of  iodide  inetabolisin,  the  reinainiug  three  conditions 
are  represented  by  actual  amounts  of  iodide  entering  each  pool :  S2 ,  S3  and  .S'l  = 
0.  In  the  case  of  the  models  of  extrathyroidal  thyroxine  metabolism  the  three 
conditions  are  fulfilled  by  the  known  value  of  plasma  thyroxine  iodine,  Qi  ,  and 
by  the  fact  that  all  thyroxine  entei-s  only  through  pool  Q\  .  The  fractions  of  the 
total  amount  entering  the  system  by  means  of  pools  Qi ,  Qi  and  Q3  are  1,  0,  0, 
respectively.  They  represent  only  two  independent  conditions,  since  their  sum 
must  be  eciual  to  one. 

The  values  of  Q-> ,  Qi ,  Ei  ,  K<  and  K.^  of  a  general  case  where  Qi  is  the  accessil)l(> 
pool  and  where  both  tracer,  ,  and  the  stable  metabolic  substance  enter  tlie 
three-pool  system  only  through  Qi ,  are  obtained  as  follows: 

A-^Q.  =  l.uUh  +  M03Q3 

A-3Q:,  =  hiA,,Qi  +  k-iA^^Q^ 

The  solutions  for  Q>  and  Q.^  become 

F.^'T^^A^ 

Q    _         Q    .431  +  -4  32-421 
A's  1    —  -423-432 

and 

■£>  3   =   ^'3(^3.4  03  • 

Note  that  the  third  equilibrium  condition  has  not  been  used  diicctly.  It  is,  liow- 
ever,  implicit  in  the  assumption  that  Qi  is  a  constant. 

£,'s  are  the  rates  with  respect  to  the  same  unit  of  time  as  used  in  determining 
A-,'s.  Hence,  if  A  .'s  are  relative  rates  per  minute,  K,'s  must  be  multiplied  by  1440 
in  order  to  obtain  daily  turnover  rates.  In  the  preceding,  ,4 01  ,  -4o2  and  ,4 03  were 
shown  to  be  equal  to 

.    ^   eiS3  

'  A-lA-2A-3 (I   -  ,4^3-432)  ' 


4  ,  =  ^2-^3 

A-iA-2A-3('-421  +  -4  23-4  31 ) 

and 

<?3.S3 


-103 


kik2l\z(  A:ii  +  -4  32-4  21) 
respectively.  Hence 
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kieiSjQ:i 


eiSiQi 
X, 


/,-lA-..A-3(l    -   .4  23^-1 32) 


and,  therefore: 


£•1  +  E,  +  E,  =  '^. 

A2 


When  all  stable  substance  enters  the  system  through  pool  Q2  and/or  Q3 ,  the 
etiuation  for  Ex  remains  the  same  as  above,  while  those  for  E^  and  £3  change. 
This  can  be  summarized  as  follows: 

Let  the  tracer  go  be  introduced  instantaneously  into  pool  Qi  .  Then,  if  all 
stable  metabolite  enters  the  tluce-pool  systcMu  as  .S'l  ,  /t  ,"s  are  proportional  to  the 
corresponding  f,'s,  and  if  sampling  takes  place  from  (^1  ,  K,  =  (e,S:j  Xi)Qi  for  all 
?',  and  El  +  E^  +  E-^  =  (§3  X,)Qi  .  In  addition,  if  qo  is  introduced  into  the 
sampling  pool  Qi  ,  Ei  =  (ciSs  X2)Qi  as  before,  regardless  of  the  mode  of  entry  of 
the  stable  isotope,  though  the  proportionality  between  A',  and  e,-  no  longer  holds 
for  N,  ^  0  and  or  S,  7^  0. 
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Computer  Learning  and  the  Scientific  Method:* 
A  Proposed  Sohilion  to  the  Information  Theoretical 
Prohlem  of  Meaning 

LEONARD  ORNSTEIN,  Ph.D. 
New  York,  N.  Y. 

ABSTRACT 

This  discussion  outlines  and  implements  the  theory  of  an  inductive  inference  technique 
that  automatically  discovers  classes  among  large  nimibcrs  of  input  ])atterns,  generates  opera- 
tional definitions  of  class  memhershi)!  wit  li  explicit  1(  \  ols  of  confidenco.  creates  a  continuously 
updated  "self-organized"  coded  hu  i -m  lnr.-il  taxniKiiuir  cla.^sification  oi  patterns,  and  recog- 
nizes to  which  already  discovered  i  la.'^.s  or  classes,  if  any,  a  new  input  belongs  in  an  informa- 
tion-theoretically  efficient  way.  Relationships  to  the  "scientific  method"  and  learning  are 
discussed. 

Learning  processes  ^vhich  iirovide  the  individual  and  his  species  with  an 
increased  potential  to  cope  with  his  material,  biological  and  social  environment 
have  what  evolutionists  call  "adaptive  value"  (e.g.,  see  Dobzhansky  (1)). 
Measured  on  such  a  scale,  the  most  important  aspect  of  such  learning  i)rocesses 
is  the  development  of  implicit  or  exjilicit  techniques  to  accurately  estimate  the 
probabilities  of  future  events.  And,  since  the  "calculus"  of  future  events  from 
analysis  of  pa.^t  exiiorience  is  tlie  forte  of  science,  it  seems  reasonable  to  turn 
to  the  methods  of  science  for  some  useful  clues  when  searching  for  efficient 
learning  techniques.  Modern  scientists,  and  physical  scientists  in  particular, 
who  work  regularly  with  the  scientific  method  and  operationalism  (2) ,  are 
keenly  aware  of  some  very  efficient  and  sophisticated  techniques  for  learning 
more  about  tlie  universe.  But  if  we  ask  of  these  who,  it  seems,  should  best 
understand  the  learning  process,  "How  shall  we  build — or  indeed,  is  it  possible 
to  build — a  machine  that  can  learn  and  think?",  the  replies  are  varied  (3-8), 
and,  as  is  indicated  in  a  recent  knowledgeable  review  by  Selfridge  (9) ,  so  far 
have  been  relatively  unproductive. 

In  this  discussion,  I  liope  to  provide  a  basis  for  establishing  considerably 
greater  confidence  in  the  broad  potentials  for  machine  learning  via  automated 
inductive  processes.  This  will  be  attempted  by  sketching  out,  in  operational 
terms  and  against  a  background  of  common  experience,  many  theoretical  and 

*  This  work  represents  a  revision  of  "Pattern  recognition,  morphology  and  the  generation 
of  hypotheses",  presented  at  the  Symposium  on  Machine  Methods  in  Biology,  A.A.A.S. 
convention,  New  York,  1960,  in  combination  with  a  revision  of  part  of  the  final  report  on 
P.H.S.  Contract  ?^SA-43-ph-3096. 

From  the  Division  of  Cell  Biology  and  the  Cell  Research  Laboratory  of  the  Department 
of  Pathologj'  of  the  Mount  Sinai  Hospital,  New  York,  N.  Y. 
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a  few  of  the  practical  ]irol)lein.<.  These  will  include  ])iobleiiis  concerning  con- 
cepts such  as  "gestalt."  "correspondence  of  attributes."  ■■similarity."  "natural 
groupings,''  "classification,''  "'operational  definition,"  "discovery,"  "hypoth- 
esis," ''theory,"  "measure  of  confidence,"  "experiment."  and  ''causality.''  all 
of  which  I  believe  can  serve  useful  roles  in  increasing  vmderstanding  of  learning 
by  inductive  processes.  Such  practical  problems  as  those  relevant  to  the  choice 
of  largely  "parallel"  as  opposed  to  "sequential"  coiuputers  for  implementing 
such  processes  will  also  t)i'  briefly  examined. 

Some  solutions  to  those  i)roi)lems  which  ai)peai'  pivotal  will  be  developed 
and  these  will  be  incorporated  into  a  simple  set  of  instruction^  for  an  adap- 
tive pattern  recognition  j^rogram  for  a  digital  comjiuter  which  serves  as  a 
workable  model  of  the  inductive  i)rocess.  This  model  will  be  evaluated  with 
some  novel  information  theoretical  measures  which  permit  us  to  maximize 
the  "naturalness"  of  the  "discovered"  classes.  Whereas  the  reader  should  have 
little  difficulty  in  assimilating  much  of  what  is  presented  in  most  other  sec- 
tions of  this  paper,  some  diflficulty  with  the  development  of  this  particular 
evaluation  may  be  exjicrienced  by  those  who  lack  some  familiarity  with  In- 
formation Theory. 

Weaver  (10 1  has  defined  three  l(\-els  of  Information  Theory  talso  called 
the  Theory  of  Communication!  ;  the  Technical  Level,  the  Semantic  Level,  and 
the  Influential  Level.  Information  Theory  has,  so  far.  dealt  successfully  with 
some  technical  problems  concerning  the  processing  of  information,  i.e.,  prob- 
lems related  to  the  question,  "With  what  accuracy  and  efficiency  can  symbols 
of  commimication  be  transmitted'.'  "  and  has  dealt  less  successfully  with 
others  related  to  such  questions  as,  ''What  practical  devices  can  permit  both 
the  most  accurate  and  cheapest  communication  of  such  symbols'?  "  Until  now, 
such  semantic  problems  as  those  raised  l)y  the  questions,  "What  are  the 
meanings  of  these  symbols'?  "  and  "How  can  the  meanings  be  accurately  and 
economically  comnmnicated?  "  as  well  as  j)roblems  of  intention  raised  l)y 
such  questions  as,  '"How  can  we  most  eff'ectively  insure  that  a  message  will 
fulfil  the  purpose  of  our  comnmnication?  "  have  remained  as  they  were  when 
first  examined  in  this  context  by  Weaver,  largely  untouched.  In  developing 
answers  to  these  latter  questions,  the  "information"  in  Information  Theory 
will  begin  to  have  a  meaning  nuich  closer  to  the  infoiiiiation  of  e^'ery  day 
usage  and  interest. 

Our  model  will  be  shown  to  jM-ovide  a  useful  bridge  between  the  technical 
and  semantic  levels  of  Information  Theory  because  it  "discovers"'  "meanings," 
it  provides  a  useful  approximation  to  the  "ideal  coder  and  decoder."  the  possi- 
bility of  which  is  predicted  by  Shannon's  Binaiy  Coding  Theorem  (10),  and  it 
seems  to  begin  to  answer,  at  both  the  technical  and  semantic  levels,  the  ques- 
tion of  how  to  accurately  and  economically  communicate  symbols  and 
meanmgs.  (This  model  will  also  demonstrate  that  the  problem  of  meaning  is 
no  longer  "irrelevant  to  the  engineering  (technical)  problem"  (see  Shannon 
(10)  and  Brillouin  (11) J.I  Connections  to  the  Influential  Level  of  Information 
Theorj'  will  be  indicated  in  our  rliscussion  of  the  concei)t  of  "experiment." 
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Some  cliiet;  to  possible  solutions  to  most  other  problems  discussed  will  also  be 
briefly  sketched  in. 

The  widespread  application  of  comi)uters  to  the  solution  of  human  problems 
will  remove  the  individual  citizen  further  and  further  from  crucial  decision 
making  jirocesses.  Before  the  solution  of  such  problems  is  relegated,  perhaps 
irrevocably,  to  an  impei'sonal  but  "suijerior"  mechanical  intelligence  I  as  some 
believe  is  ultimately  both  desiiable  and,  in  any  case,  inevitable! ,  it  will  be 
valuable  to  be  able  to  convey  some  understanding  of  the  mechanical  decision 
making  process  to  the  average  intelligt'nt  i)erson.  This  may  be  necessary  if  this 
new  technology  is  to  receive  his  full  sujjport  and  if  those  fears  which  stem 
from  ignorance  of  the  methods  of  the  machine  land  the  methods  of  science)  are 
to  be  lessened.  His  attention  must  also  be  brought  to  focus  on  the  need  for 
solutions  to  the  newly  created  problems  of  "cultural  adaptation"  of  man  and 
machine  to  one  another. 

Because  this  model  hews  closely  to  ordinary  intuition  in  many  areas  of  its 
development,  it  may  also  be  al)le  to  serve  such  a  general  educational  need. 
Though  this  may  be  of  some  value  in  the  short  run  in  so  far  as  it  might  cata- 
lyse interest  in,  and  support  for,  needed  technological  and  social  research  and 
development,  in  the  long  run,  only  proven  utility  of  particular  machine  ap- 
l)roaches  to  inductive  processes  can  provide  a  satisfactory  basis  for  enduring 
confidence  and  sujiiwrt.  Hopefully,  some  elements  of  this  analysis  will  survive 
the  test  of  use. 

LEARNING  AND  THE  MORPHOLOGICAL  SCIENCES 

In  addition  to  the  elements  of  the  classical  scientific  method  (which  w'ill  be 
analyzed  in  .some  tletail  further  on),  science  may  have  developed  some  other 
useful  keys  to  efficient  learning,  ^^'here  in  science  may  we  hoj)e  to  find  these 
keys? 

In  order  to  helj)  in  developing  an  answer  to  this  question,  let  us  first  examine 
our  personal  experiences  of  learning  processes.  These  can  be  conveniently  re- 
solved into  two  I  not  necessarily  mutually  exclusive)  kinds: 

a)  Learning  associated  with  the  raw  sensory  experiences  of  the  universe*; 
and 

b)  Learning  associated  with  those  distillations  of  the  experiences  of  other 
human  beings  which  are  transmitted  by  means  of  social  communication. 

The  wisdom  (or  folly)  of  others  (which  can  not  be  used  until  experience 

*  Such  learning  dominates  the  period  from  birth  to  the  beginning.-^  of  an  understanding 
of  language  and  other  social  codes  (pointing,  grimacing  and  smiling,  etc.).  Of  course,  during 
this  period  as  well  as  later  on,  learning  is  largely  dependent  upon  whatever  minimum  of 
heritable  "distillations  of  the  experience  of  the  species"  are  already  built  or  -programmed 
into  the  ner\ous  .system  at  birth.  Such  evolutionary  "wisdom"  is  imparted  through  the 
particular  structure  of  the  ner\'ous  .system  and  sense  organs  and  nnoh'es  both  "special 
purpose"  "instincti\  e"  iiatterns  of  response  to  external  and  internal  stimuli  as  well  as  more 
"general  purjjose"  primitnc  "logical  processing  routines."  The  limits  as  well  as  the  adaptive 
value  of  such  "wisdom"  are  highly  dependent  upon  the  built-in  bounds  to  the  sensitivity, 
dynamic  range,  and  kind  and  magnitude  of  the  "field  of  view"  of  each  of  the  sense  organs. 
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with  a  minimum  of  input  of  raw  data  has  provided  rudimentary  teclmiciues  for 
handling  complex  inputs  like  language)  is  all  ultimately  derived  from  raw- 
environmental  experience,  even  though  some  of  it  was  gathered  back  in  pre- 
historic times.  This  might  well  lead  us  to  believe  that  hidden  away  in  the 
])rimitive  early  interactions  of  the  newborn  child  and  his  "chaotic"  environment 
lie  clues  to  the  fundamentals  of  the  learning  process.  Unfortunately,  direct  ac- 
cess to  the  memories  of  this  j^eriod  of  our  lives  seems  least  available  to  us  as 
individuals,  and  this  kind  of  interaction  is  only  beginning  to  be  unravelled  by 
careful  observation  of  learning  in  very  young  children  (12-15). 

But  among  the  sciences,  the  classical  morphological  sciences  have  a  similar 
relation  to,  for  example,  physics  or  genetics,  as  the  infant  has  to  the  adult.  Tlie 
morphologist  is  largely  concerned  with  ordering  the  raw  sensory  stimuli  pre- 
sented to  him  by  the  objects  which  he  studies.  The  practitioners  of  the  "more 
advanced"  sciences  are  usually  concerned  with  higher  levels  of  order,  i.e.,  the 
structuring  (in  '"metalanguages")  of  more  complex  relationships  of  raw  sensory 
stimuli  of  the  present  and  past  with  one  another  and  with  such  previously 
recognized  order  as  physical  and  biological  "Laws."  As  pointed  out  by  the 
mathematician-physicist,  H.  Weyl.  (16),  "...the  formation  of  concepts  and 
theories  by  science  .  .  .is  preceded  by  ordering  and  classification.  Perhaps  more 
stress  should  have  been  laid  on  this  preliminary  stage,  that  still  plays  a  major 
role  in  biology  while  it  has  become  of  subordinate  importance  in  physics.  The 
spectacle  of  the  immense  variety  of  plant  and  animal  species  displayed  by 
nature  has  been  an  early  and  persistent  stimulus  for  biology  to  develop  to 
great  perfection  the  art  of  morphological  and  taxonomic  classification.  The 
remarkable  fact  that  the  diverse  species,  not  withstanding  the  range  of  varia- 
tion, mostly  exhibit  clearly  recognizable  typical  differences,  has  facilitated  the 
task.  The  typical  may  be  elusive  in  terms  of  vell-defined  concepts,  and  yet  we 
handle  it  with  instinctive  certitude,  e.g.,  in  recognizing  persons.  Nor  is  it  easy 
to  describe  in  general  terms  how  the  process  of  classification,  step  by  step  and 
ever  more  convincingly,  succeeds  in  separating  essential  from  unessential  fea- 
tures" (italics  mine). 

Whereas  the  morphologist  may  not  necessarily  be  al)le  to  present  us  with 
the  plans  for  a  learning  and  thinking  machine,  Weyl's  comment  suggests  that  a 
serious  effort  to  unravel  and  explicate  the  foundations  of  the  taxonomic- 
morphologic  approach  may  be  rewarding.  It  is  my  intention  to  demonstrate 
that  it  is  relatively  "easy  to  describe  in  general  terms  how"  a  "process  of 
cla.ssification,  step  by  step  and  ever  more  convincingly,  succeeds  in  separating 
essential  from  unessential  features,"  and  that  therein  lies  the  foundation  of  the 
inductive  learning  proces.<. 

If  we  a.sk  a  herpetologist  how  he  has  learned  to  distinguish  one  species  of 
frog  from  another — for  example  the  leopard  frog  from  the  pickerel  frog — he 
can  hand  us  a  taxonomic  key  to  the  Anura  of  North  America,  in  which  some 
characteristic  attributes  of  each  taxonomic  group,  from  Order  down  to  sub- 
species are  collected — all  in  hierarchical  rank  (e.g.,  (17)).  Given  a  specimen  of 
each  of  these  species — and  the  key — a  novice  would  have  a  fair  prol)ability  of 
properly  identifying  these  specimens. 
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Yet  api)eai'ancos  are  deceiving.  The  experienced  herpetologist  hinuself  rarely 
depends  completely  on  the  particular  attributes  in  the  key  to  identify  these 
frogs.  In  the  field — at  40  feet,  with  only  '  i  of  the  animal  exposed  to  view — he 
may  easily  identify  members  of  these  closely  iclated  species  with  a  very  high 
degree  of  confidence.  Any  two  herpetologists  are  likely  to  perform  about  as 
well  in  such  a  circumstance,  yet  nowhere  in  heriietological  literature  are  we 
likely  to  find  a  comi)lete  set  of  rules  to  which  each  would  independently 
subscribe  as  the  basis  for  his  particular  method  of  identification. 

Two  pathologists  studying  the  same  poorly  prepared  frozen  sections  of  a 
surgical  biopsy  of  a  rare  disease  may  each  be  able  to  arrive  at  an  accurate 


diagnosis.  Yet,  each,  if  he  had  to  rely  wholly  on  a  word  description  of  what 
the  other  had  seen,  would  he  extremely  hesitant  to  make  a  diagnosis. 

In  short,  morphologists  have  canonized  some  sets  of  descriptive  attributes  of 
the  objects  which  they  study.  These  are  not  necessarily  complete  descriptions, 
and  often  are  not  the  sets  of  attributes  which  they,  as  experts,  actually  use. 
Furthermore,  when  asked,  they  are  hard  put  to  explicate  the  basis  of  their  own 
personal  expertise  at  classification. 

To  gain  some  insight  into  this  dilemma,  let  us  examine  Weyl's  example  of 
the  problem  of  recognizing  persons: 

Most  readers  will  have  seen  the  person  in  Figure  1  for  the  first  time  on 
reading  this  article.  If,  after  setting  this  article  down,  you  were  handed  a  set 
of  one  hundred  different  black  and  white  photographs  of  Caucasian  male  New 
Yorkers — including  another  picture  of  Mr.  X — most  of  you  would  probably  ex- 
perience very  little  difficulty  in  identifying  his  photograph  from  memory.  If, 
on  the  other  hand,  after  closing  these  pages,  a  large  group  of  you  readers  were 


Fig.  1.  Mr.  X. 
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all  to  cooiH'iativi'ly  writf  up  a  <k'scrii)tion  of  Mr.  X  which  was  to  be  used  l)y 
another  grouj)  as  the  sole  basis  for  identifying  his  photograph  from  among  the 
himdred — the  frequency  of  correct  identifications  would  be  much  much  lower. 
In  both  tasks  you  would  start  with  the  same  mental  image  or  "gestalt."  A  new 
image  can  usually  be  compared  directly  with  the  "gestalt"  with  small  error.  To 
decode  the  "gestalt"  and  translate  it  into  words — to  then  visualize  a  new  men- 
tal image  from  the  word  picture — and  finally,  to  com])are  this  mental  image 
to  the  photograph,  involves  a  large  loss  of  information  as  well  as  the  genera- 
tion of  considerable  error. 

\  TR.\NSLATIOX  PROBLEM 

Human  beings  simjily  do  not  know  how  to  formulate  adefjuate  word  pic- 
tures, i.e.,  how  to  accurately  translate  the  mental  record  of  an  optical  or 
acoustic  image  into  the  digital  symbols  we  call  words  (one  can  recognize  a 
familiar  voice  almost  as  readily  as  a  familiar  face).  That  this  is  a  problem  of 
translation  seems  clear:  A  caricaturist  would  be  able  to  translate  his  mental 
image  of  Mr.  X's  face  into  a  sketch  (an  analogue  output)  which  many  of  you 
would  be  able  to  use  successfully  to  select  his  picture  from  the  set,  and  a  good 
mimic  would  do  as  well  in  the  auditory  realm  with  still  another  kind  of  ana- 
logue output.  However,  the  "artist's"  word  picture  of  face  or  voice  would  be 
much  less  adequate. 

If  a  key  to  the  learning  process  resides  in  the  techniques  of  taxonomic  mor- 
phology, it  should  not  be  too  surprising  that  it  has  remained  hidden  from 
general  view.  For  the  morphologists.  no  less  than  the  rest  of  us,  have  marginal 
verbal  access  to  their  mental  images,  and  the  taxonomies  they  have  gener- 
ated are  necessarily  quite  primitive  and  seem  to  be  more  a  product  of  "art," 
as  Weyl  put  it,  than  of  science.  Their  pattern  recognition  techniques  might 
therefore  not  have  been  expected  to  insjiire  widespread  confidence  in  their 
potentials  for  the  construction  of  a  satisfactory  model  of  the  learning  process. 

Cell  biologists  have  been  very  much  concerned  with  this  problem  of  defining 
patterns — either  explicitly  or  implicitly,  because  in  one  way  or  another,  all 
their  work  is  related  back  to  the  two-dimensional  optical  images  of  cells  wliich 
they  see  under  various  kinds  of  microscopes.  During  the  last  25  years,  in  order 
to  explore  the  clearcut  early  evidence  of  a  relationship  between  RNA  and 
protein  synthesis,  and  between  DNA  and  the  hereditary  message,  as  well  as  to 
provide  a  way  down  from  the  growing  Tower  of  Babel  on  which  our  two  expert 
pathologists  find  themselves  when  discussing  their  frozen  section,  cytologists 
began  to  try  to  convert  their  microscopic  observations  into  the  universal  lan- 
guage of  nunii)ers.  In  particular,  a  considerable  and  successful  effort  has  been 
exi)ended  to  quantitate  the  information  about  the  distribution  and  concentra- 
tions of  the  various  substances  of  which  cells  are  composed.  Microspectro- 
photometric  techniques  were  devi.sed  for  measuring  the  amount  of  light  ab- 
sorbed as  a  result  of  the  natural  ultraviolet  absorption — or  the  absorption  of 
visible  wavelengths  by  in  situ  colored  proflucts  produced  in  parts  of  colls  as 
the  result  of  si)ecific  chemical  test  reactions  (.see.  for  example  (18)  ).  It  was 
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largely  in  thit;  particular  ix'surgi'iicc  of  CfU  biology  that  I  first  cut  my  scientific 
teeth.  It  is  from  this  iH'rs|K'cti\<'  that  I  first  hcgan  to  aijpicciate  how  central  a 
position  pattern  recognition,  (l(■scripti^•e  nior])hology,  and  taxonomy  hold  in 
relation  to  an  understanding  of  the  general  problem  of  learning. 

DISC   ELECTROPUORKSIS   AXI)  A   XEW  LEAD 

A  few  yeai's  ago,  as  a  hy-jn-odurt  of  oiu'  ct'llulai'  studies,  Dr.  B.  J.  Davis  and  I 
developed  a  new,  reproducihk',  high-resolution  electro|)lioivtic  techni(]ue  which 
we  call  "Disc  Electrophoi-esis"  i  19,  20),  This  techniciue  permits  the  identifica- 
tion of  over  twenty  proteins — and  metisurement  of  their  concentrations  in  a 
sample  of  as  little  as  1  microliter  of  blood  serum.  Figure  2  shows  a  photograph 
of  such  a  run.  Position  "identifies''  the  ])rotein;  optical  density  provides  a 
measure  of  its  concentration. 


Fig.  2.  Proteins  of  a  thn  (  niuinlil sarniilo  of  Iniman  serum,  haptoglobin  type  2-2.  Origin 
indicated  by  anow.  Densiiomct  i  ir  iiacc  of  the  .-^ainjjle:  ab.scissa,  position;  ordinate,  optical 
density  (2  O.D.  iuW  scale).  Same  run  as  iii;ht  hand  specimen  in  Figure  5. 

Of  the  many  jiotentials  of  this  technique,  the  value,  as  a  clinical  diagnostic 
tool,  of  this  c]uick  quantitative  check  on  over  twenty  complex  substances  per 
sample,  seemed  ol)vious,  and  we  have  been  applying  ourselves  to  the  realization 
of  this  potenital. 

The  type  of  analysis  which  the  cytophotometrist  performs  on  optical 
images  of  cells  is  a  jiroblem  in  the  recognition  of  two-dimensional  patterns. 
This  new  universe  of  electrophoretic  patterns  presents  us  with  the  one-di- 
mensional homologue  of  this  much  more  difficult  two-dimensional  problem.  It 
therefore  has  jirovided  us  with  both  an  opportunity  and  a  compulsion  to  wade 
into  the  ]iroblem  in  both  a  serious,  and,  I  believe,  hopeful  way. 

In  the  near  future,  we  expect  to  be  able  to  collect  upwards  of  10,000  speci- 
mens per  week — and  to  have  the  data  recorded  as  the  logarithms  of  the  optical 
densities  at  about  400  jiositions  per  sample.  These  logarithms  will  be  recorded 
on  tape  in  7  bit  binary  code,  providing  the  equivalent  of  a  constant  accuracy  of 
about  o<'r  of  concentration  over  a  range  of  concentrations  from  about       ( by  wt.) 
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of  a  protein  in  tlic  blood  .<eruni — down  to  al)out  0.006%  (t^oe  Fig.  3l.  Without  a 
doubt,  such  data  will  contain  much  useful  information.  The  major  problem  was 
how  to  rapidly  and  efficiently  jirocess  these  data. 

We  have  before  us  a  new,  unexplored,  enormous  but  finite  universe  consisting 
of  the  blood  sera  of  all  living  humans,  each  consisting  of  up  to  some  200  re- 
solvable proteins  in  a  bounded  concentration  range.  We  have  a  "sense  organ," 
the  photometric  apparatus,  which  can  identify  400  positions  in  the  pattern  and 
measure  concentration  throughout  the  rang(>  with  an  essentially  fixed  resolu- 
tion. The  information  about  each  sample  is  a\  ailable  as  a  sequence  of  400  7  bit 
numbers. 

How  shall  we  learn  from  observing  this  universe? 

THE  MORPHOLOGICAL  APPROACH 

The  morphological  apjiroach  suggests  that  we  group  all  the  clectrophoretic 
samples  in  a  comprehensive  class;  list  the  attributes  which  all  members  of  the 
class  share  in  common;  subdivide  the  main  class  into  subgroups  which  contain 
members  more  similar  to  one  another  within  each  subgrouji  than  to  members  of 
other  subgroups;  list  the  additional  attributes  which  all  members  of  a  subgroup 
share  in  common — and  continue  subdividing  subgroups  and  describing  them  until 
the  subgroups  cease  to  be  easily  subdivided.  In  this  way,  a  taxonomic  key  would 
be  generated. 

Hopefully,  the  terminal  subgroups  would  contain  as  members,  the  samples  of 
sera  of  individuals  who — on  inspection,  will  also  be  found  to  share  special 
physiological  states  in  common.  ]Many  of  the  terminal  subgroups  may  "define" 
certain  diseases;  some  should  result  in  the  discovery  or  resolution  of  new  dis- 
ease entities  within  previously  poorly  defined  and  understood  "disease 
groups";  and  some  should  discover  different  normal  genetic  types.  On  the  other 
hand,  if  the  comprehensive  class  contains  no  "natural"  subclasses,  or  if  the 
"true"  values  of  the  data  are  obscured  by  excessive  noise,  for  example,  by  error 
in  measurement,  the  suligroups  will  not  be  useful. 

Historically,  clearly  defined  subgroups  have  generally  been  discovered  before 
explicit  intermediate  classes  have  been  well  defined — and  the  taxonomic  trees 

Fig.  3^.  Block  diagram  of  a  mechanical  flying-spot  scanner,  h ,  background  signal;  /, 
sample  signal;  O.D.,  optical  density;  1.V916,  "logarithmic  diodes."  The  flying-spot  is 
generated  in  the  following  manner:  A  very  high  brightness  xenon  arc  is  imaged  by  a 
microscope  objective.  M.O.,  of  numerical  aperture  (NA.)  0.3,  onto  the  end  of  a  clad,  50 
micron  diameter,  20  inch  long  glass  fiber  of  N.A.  0.6.  This  end  is  locked  in  position.  The 
other  end  of  the  fiber  is  carried  on  the  "pen"  of  a  high-speed,  rectilinear  pen-galvanometer 
driven  through  a  power  amplifier,  P. A.,  by  the  oscilliscope  sweep  generator. 

Fig.  3B  Optical  system  of  scanner:  A.L.,  achromatic  lens;  S.A..  slot-shaped  aperture; 
M.L.,  meniscus  lens;  B.S.,  beam-splitter;  P.M.,  photomultiplier;  P.M.C.,  photomultiplier 
photocathode ;      and      ,  filters  as  indicated  in  3D. 

Fig.  3C  Pairs  of  Disc  Electrophoresis  runs  of  the  blood  sera  of  four  different  individuals 
showing  normal  genetic  variability. 

Fig.  3D  The  absorption  spectrum  of  the  anion  of  a  dye  that  binds  strongly  to  the 
cationic  groups  of  acid-denatured  protein.  By  measuring  the  "background"  intensity,  h , 
at  wavelengths  longer  than  610  m/i  and  the  intensity  transmitted  by  the  sample,  /,  with 
a  narrow  spectral  band  of  green  light,  a  reproducible  "double-beam"  technique  is  easily 
instrumented.  Substitution  of  a  narrow  band  violet  filter  for  F2  permits  measurement  of 
discs  of  protein  that  have  excessively  high  O.D.  at  the  absorption  peak. 
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of  tlie  morphological  sciences  uj^ually  have  been  constructed  starting  with  the 
specific,  and  working  down  to  the  more  general  comi)rehensive  class.  But  for 
the  infant,  learning  probably  starts  with  general  classes  within  which  he  dis- 
covers special  subclasses  (e.g.,  see  (4 1  and  (211  I.  Can  we.  like  the  child,  in  our 
efforts  to  learn  from  observing  this  new  universe,  start  at  the  trunk  of  a  tree 
and  work  up  to  the  branches?  I  See  Turing's  discussion  of  the  "child  machine" 
(31.) 

EFFICIENCY  .\ND  T.\XOXOMIC  CL.\SSIFIC.\TIOX 

Classification  is,  in  fact,  a  naming  procedure.  It  involves  tlie  subdivision  of  a 
population  of  objects,  patterns,  etc.,  into  subgroups  such  that  individual  mem- 
bers of  each  subgroup  are.  on  the  basis  of  comparison  of  a  set  of  corresponding 
attributes,  more  '"similar"  to  one  another  than  to  members  of  other  sub- 
groups. If  there  are  Q  unrelated,  equally  frequent  and  dissimilar  subgroups  in 
a  classification,  then  it  will  take  an  average  of  Q  '2  comparisons  of  an  un- 
identified sample  to  match  it  to  its  proper  subgroup  and  "name"  it.  The  names 
(or  code)  of  unrelated  dissimilar  subgroups  constitute  what  is  called  a  "non- 
significant code,"  that  is.  the  code  in  no  way  indicates  any  relationship  or  de- 
gree of  "similarity"  of  one  .subgroup  to  another  (22i. 

When  a  classification  takes  the  form  of  a  taxonomic  tree,  members  of  sub- 
groups (branchlcts)  of  the  same  l)ranch  will,  in  general,  be  more  "similar"  to 
one  another  than  to  members  of  other  branches.  If  there  are,  on  an  average,  x 
levels  of  branching  and  y  branches  at  each  branch  point,  then  Q  ^  y^,  but  it 
will  take  only  an  average  of  .something  like  xij  2  com])arisons  of  an  unidentified 
object  to  match  it  to  its  proper  subgroup  and  "name"  it.  ili  y  =  2  and  x  —  100. 
the  identification  of  a  sample  by  a  taxonomic  procedure  would  involve  only  100 
matching  steps  as  compared  to  an  average  of  2"'"/2  steps  for  the  same  number 
of  nonsignificant  pigeon-holes! j  If  the  code  for  the  name  of  each  subgrouji  i> 
derived  from  the  "numbering"  of  the  branches  of  the  tree  on  which  the  sub- 
group is  located,  the  code  will  be  a  "significant"  code  (22j  and  simple  insjiec- 
tion  of  this  "name"  will  indicate  inter-group  similarities.  We  are  interested  in 
the  generation  of  a  taxonomic  classification  and  a  "significant"  code,  (espe- 
cially because  a  language  which  uses  such  a  code  may  also  be  able  to  more 
efl^iciently  convey  "meanings"  (.see  page  472)  ). 

CORRE.SPOXDEXCE,  IDEXTITY  .VXD  .-LMILAHITV  IX  OXE 
AXD  TWO  DI.MEXSIOXS 

In  order  to  usefully  compare  jjatterns,  it  is  necessary  to  design  >ome  measure 
or  measures  of  the  "similarity"  of  one  pattern  to  another.  All  measures  of 
similarity  hinge  on  definitions  of  identity.  Two  objects  (patterns,  collections, 
properties,  attributes,  attribute  sets,  etc.)  are  said  to  be  identical  if,  when 
"placed  in  a  one  to  one  correspondence,"  all  corresponding  parts  are  equal.  For 
two-flimensional  line  figures — e.g.,  triangles,  circles,  etc. — two  objects  (occu- 
pying different  positions  in  time-space)  are  said  to  be  identical  if,  by  a  com- 
bination of  translation  and  rotation  they  can  be  made  "congruent".  For  two 
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dimensional  patternt;  with  varying  optical  densities,  the  i)atterns  are  said  to  be 
identical  if  for  every  point  in  one  pattern  there  is  a  "geometrically  correspond- 
ing" point  in  the  other  and  vice-versa,  and  the  optical  density  of  each  point  is 
equal  to  that  of  its  "corresponding"  point.  An  equivalent  of  the  "congruence 
test"  (which  provides  an  operational  means  for  locating  "corresponding" 
points)  in  this  case,  involves  preparing  a  "perfect  negative"  (in  the  photo- 
graphic sense*)  of  one  pattern,  and,  by  rotation  and  translation,  the  negative 
and  the  second  pattern  are  superimposed  and  "searched"  until  the  minimum 
amount  of  light  is  transmitted  through  the  total  area  of  the  superimposed  pat- 
terns. If  the  measurements,  at  tliis  minimum,  of  optical  densities  at  all  points 
of  the  superimposed  patterns  are  equal  to  one  another,  and  in  addition,  equal 
to  the  sum  of  the  optical  densities  of  the  point  of  maximum  density  and  tlie 
l)oint  of  minimum  density  of  the  second  pattern,  then  the  patterns  are  identical 
and  the  ]wints  of  the  superimposed  negative  and  positive  have  been  placed  "in 
corropondi  nce"  at  thi>  iiiininiuiu.t  In  a  similar  manner,  the  concept  of  identity 
miglit  be  extended  to  three  (or  higher  I  dimensional  patterns  or  objects. 

SIMILARITY  AS  A  DISTANCE  BETWEEN  P.\TTERNS 

Whereas  this  definition  of  identity  may  be  quite  unambiguous,  this  is 
not  the  case  for  "similarity."  It  is  helpful  to  represent  the  description  of  an  ob- 
ject by  a  point  in  an  n-dimensional  space  I liyper-si)afe ) ,  where  each  attribute 
of  an  object  (or  position  in  a  pattern)  is  considered  to  represent  a  separate 
"dimension"  of  the  object,  and  the  magnitude  of  each  attribute  represents  its 
coordinate  (distance  from  its  appropriate  coordinate  axis)  in  that  dimension 
of  a  hyper-space  (e.g.,  see  25,  26,  27).  When  the  problem  of  recognizing  which 
attribute  of  one  pattern  corresponds  to  that  of  another  is  straightforward  (as 
in  the  case  of  our  one-dimensional  electrophoretic  patterns — we  know  the  lo- 
cation of  the  "origin" — and  for  things  such  as  lists  of  clinical  data  where  each 
attribute  is  identified — e.g.,  white  blood  cell  count,  blood  sugar,  etc.)  then  it  is 
easy  to  specify  the  total  set  of  coordinates  for  each  point  in  the  particular 
hyper-space  for  the  members  of  any  group  of  objects  with  a  corresponding  set 
of  attributes.  If  two  objects  (or  patterns)  are  identical,  they  will  have  the  same 
coordinates  (i.e.,  they  will  occujiy  the  same  point  in  the  particular  hyper- 

*  A  "perfect  negative"  is  defined  as  having  an  optical  density  for  the  point  corresponding 
to  the  point  of  minimum  density  in  the  original,  e(|ual  to  that  of  the  point  of  maximum 
optical  density  in  the  original,  and  each  other  jioint  of  the  '  lu  iiatn  (  "  will  have  an  optical 
density  equal  to  that  maximum  optical  density  minus  tlic  optical  density  of  the  correspond- 
ing point  in  the  original. 

t  It  is  of  some  interest  that  there  is  strong  evidence  that  a  simple  diffusional  "random 
search"  permits  the  "disco\"ery"  of  the  api)ropriate  positions  of  point  to  point  correspondence 
between  the  extremely  long  (10*  to  10"  bit  (23))  messages  of  the  complementary  "one- 
dimensional"  strands  of  DNA  both  in  the  in  vivo  pairing  processes  that  occur  in  meiosis 
and  somatic  pairing  as  well  as  in  non-living  test-tube  "nucleic  acid  hybridization"  experi- 
ments (24).  These  experimental  results  suggest  that  a  random  seaich,  using  a  measure  of 
similarity  (see  next  section)  as  a  figure  of  merit,  might  be  a  surprisingly  efficient  device, 
especially  if  the  search  were  begun  at  low  resolution  and  finished  up  at  high  resolution. 
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space).  If  the  hyper-space  is  an  ordinary-  Euclidean  metric  space,  the  "dis- 
tance" between  the  points  in  this  space  will  be  defined  by  the  square  root  of  the 
sum  of  the  squares  of  the  differences  between  the  magnitudes  of  the  correspond- 
ing attributes  of  a  pair  of  objects  (the  n-dimensional  version  of  the  Pytha- 
gorean Theorem).  The  distance  between  identical  objects  will  be  zero.  Any 
non-identical  objects  will  be  located  at  some  "distance"'  from  one  another.  The 
magnitude  of  the  "Euclidean  metric  distance"  defined  above,  has  often  been 

ABC 


Fig.  4.  Pattern  A;  low  uniform  optical  density  (0.01)  over  %  of  its  area  and  optical 
density  1.0  over  the  other  quarter.  Pattern  B  also  has  %  of  its  area  almost  completely  and 
uniformly  transparent  but  the  points  conjugate  to  tho.se  which  ab.sorb  strongly  in  A  here 
have  the  high  transparency,  while  a  different  quarter  of  its  area  has  an  optical  density  of 
1.0.  Pattern  C  has  the  identical  distribution  of  the  high  density  regions  of  both  A  and  B 
(V2  of  its  area)  and  has  high  transparency  at  all  other  points. 

used  as  a  measure  of  similarity,  (e.g.,  see  28,  29,  30).  Zero  distance  means 
identity,  and  infinite  distance,  ultimate  dissimilarity. 

Intuitively,  this  kind  of  definition  of  similarity — a  "distance"  between 
points  in  a  hyper-space — is  quite  appealing.  However,  the  use  of  a  "metric 
space"  where  distances  are  defined  as,  for  example,  in  a  Euclidean  space,  often 
has  certain  intuitive  as  well  as  computational  disadvantages.  Consider  the 
three  patterns  in  Figure  4.  Pattern  A  has  very  low  uniform  optical  density 
(O.Ol)  over  %  of  its  area  and  has  a  distribution  of  larger  finite  (1.0)  densities 
over  the  other  14.  Pattern  B  also  has  %  of  its  area  almost  completely  and  uni- 
formly transparent  but  the  points  conjugate  to  tho.se  which  ab.sorb  strongly  in 
A  here  have  the  high  transparency  while  a  different  Yi  of  its  area  has  an  optical 
density  of  1.0.  Pattern  C  has  the  identical  distribution  of  the  high  optical  den- 
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sity  regions  of  both  patterns  .4  and  B  {V2  of  its  area)  and  has  the  high 
transparency  at  all  other  points. 

In  one  intuitive  sense,  A  and  B  are  extremely  dissimilar,  hut  both  are  similar 
to  C.  Now  the  properties  of  a  metric  space  are  such  that  the  distance  between  A 
and  B  can  never  be  greater  than  the  sum  of  the  distances  between  A  and  C,  and 
B  and  C.  In  fact,  B  will  be  only  further  from  .4  than  C  in  Euclidean  metric 
space. 

To  satisfy  our  intuitive  feelinos  al)out  similarity  for  this  test  case,  we  must 
find  some  different  measure  (definition)  of  "distance" — one  which  will  de- 
scribe C  as  being  "close"  to  both  .1  and  B,  while  still  permitting  .4  and  B  to  be 
"very  far"  from  one  another. 

METRIC  AXD  SEMI-METRIC  DISTANCES  AS  MEASURES  OF  SIMILARITY 

Hyper-spaces  are  characterized  by  the  kinds  of  expressions  that  are  used  to 
define  the  distances  between  points.  The  distance  defined  by  the  square  root  of 
the  sum  of  the  squares  of  the  differences  between  the  coordinates  of  two  points 
characterizes  a  Euclidean  metric  space  where  if  A  and  B  are  close  to  C,  they 
can  not  be  too  distant  from  each  other.  A  distance  formula,  using  the  n  coordi- 
nates of  each  pattern,  and  which  permits  .4  and  B  to  be  close  to  C  but  far  from 
each  other  (even  infinitely  far)  defines  a  more  general  class  of  spaces,  among 
which  are  an  infinite  number  of  so-called  "semi-metric"  spaces.  In  all  such 
spaces,  the  distance  between  identical  objects  must  be  zero  (as  in  a  metric 
space — and  indeed,  all  spaces) ,  but  the  measures  of  similarity  or  dissimilarity 
may  be  very  different  from  space  to  space.  Clearly  then,  the  choice  of  a  meas- 
ure of  similarity  must,  in  a  sense,  be  arbitrary,  but  it  is  reasonable  to  examine 
common  concepts  of  similarity  to  at  least  see  if  we  can  find  a  useful  match 
between  one  or  more  arbitrary-  "distance"  measures  and  our  intuitive  feeling 
for  what  we  usually  mean  by  similar  or  dissimilar  (as  in  the  case  of  patterns 
A,  B,  and  C).  ^ 

Dr.  T.  T.  Tanimoto  has  proposed  (e.g.,  31,  32,  33)  the  following  measure: 
Consider  the  number  of  equal  pairs  of  corresponding  attributes  of  two  objects. 
Were  these  the  complete  set  of  attributes  of  the  two  objects,  the  objects  would 
be  identical.  The  presence  of  even  one  additional  unequal  pair  of  corresponding 
attributes  would  destroy  the  identity  relationship,  but  would  leave  the  objects 
"quite  similar."  More  and  more  additional  pairs  of  unequal  attributes  would 
"increase  the  distance"  between  these  objects.  Dr.  Tanimoto  proposed  that  the 
ratio  of  the  number  of  pairs  of  non-zero  identical  corresponding  attributes  to 
the  total  number  of  pairs  of  corresponding  attributes,  of  which  at  least  one 
member  is  not  zero,  be  defined  as  the  "Similarity  Coefficient."  This  would  have 
a  value  of  1  for  identical  objects  and  0  for  extremely  dissimilar  objects  and  is 
similar  to  a  probability  (in  this  as  well  as  otlier  respects).  A  distance  formula 
defining  a  particularly  useful  semi-metric  space  is  the  negative  logarithm  to  the 
base  2  of  the  Tanimoto  Similarity  Coefficient  and  is  a  kind  of  measure  of  infor- 
mation (for  further  discussion  see  31).  This  "Tanimoto  distance"  is  zero  for 
identical  objects,  increases  for  less  similar  objects,  and  is  infinite  for  extremely 
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dissimilar  ones,  satisfying,  in  at  least  a  gross  way.  our  intuitive  feelings  for  the 
pro|)erties  of  a  reasonable  measure  of  similarity. 

The  Similarity  Coefficient  was  originally  defined  by  Tanimoto  for  attributes 
which  had  magnitudes  of  either  0  or  1  (the  binary  easel.  He  has  extended  it  to 
cover  the  continuous  case,  and  here  the  definition  takes  the  simple  form:  Simi- 
larity Coefficient  equals  the  sum  of  the  smaller  of  the  magnitudes  of  each  pair 
of  corresponding  attributes  I  coordinates  !  of  a  pair  of  objects  divided  by  the 
sum  of  the  larger  of  the  magnitudes  of  each  pair  of  corresj)onding  attributes  of 
a  pair  of  objects.  For  the  puri)oses  of  illustration,  our  three  patterns  can  be  repre- 
sented as  3  sets  of  4  corresjionding  attributes:  Pattern  -4  may  be  represented  as 
1.0.  0.01.0.01.0.01;    as  0.01.0.01,  1.0.  0.01;  and  C  as  1.0,0.01,  1.0,  0.01. 

If  we  examine  this  Similarity  Coefficient  among  patterns  A,  B,  and  C,  we 
find  that  the  similarity  between  A  and  B  is  very  near  0  (0.02) ,  but  the  similar- 
ity of  -4  or  £  to  C  is  0.51.  The  ratio  of  the  corresjwnding  Tanimoto  distances  is 
5.7  for  this  case  where  the  transparent  background  has  a  non-zero  (0.01)  opti- 
cal density.  If  the  background  were  completely  transparent  (optical  density 
zeroi.  the  ratio  of  the  two  distances  would  be  infinite  in  "Tanimoto  Space."  In 
Euclidean  metric  space,  however,  the  ratio  of  the  two  distances  would  still  be 
\/2-  The  Similarity  Coefficient  between  .4  or  B  and  C  would  equal  0.50  with  a 
completely  transparent  background.  Clearly.  "Tanimoto  Space''  provides  a 
measure  of  similarity,  at  lea.-<t  with  this  model,  that  is  very  much  closer  to  our 
intuitive  concepts  of  similarity  and  dissimilarity.  The  Similarity  Coefficient  is 
also  simpler  (therefore  cheaper)  to  compute  than  a  Euclidean  metric  distance 
function. 

Many  other  measures  of  similarity  can  be  de\  ised,  some  with  very  special 
characteristics,  such  as  the  classical  Correlation  Coefficient, 

^,    ^       ^(j  -  .Vi)(y  —  y.) 

^    VZ(j  -  X,)-  Z(y  -  U')- ' 

The  Correlation  Coefficient  varies  from  +1  to  —1.  Objects  which  are  identical 
have  a  Correlation  Coefficient  of  +1  (with  the  restriction  that  the  Correlation 
Coefficient  between  identical  or  non-identical  uniform  objects — i.e..  values  of 
all  attributes  of  an  object  equal  to  each  other — is  indeterminate).  Objects  which 
would  be  identical  to  each  other  if  all  the  attributes  of  one  were  either  multi- 
plied by  a  .single  appropriate  constant  and  or  a  constant  were  added  to  all 
the  attributes  of  one,  al.><o  have  a  Correlation  Coefficient  of  -Hi.  Objects  with 
Correlation  Coefficients  of  —1  are  either  perfect  "negatives"  of  one  another 
(magnitudes  of  corresponding  attributes  vary  exactly  inversely)  or  would  be 
perfect  negatives  if  all  the  attributes  of  one  were  multi])licd  by  a  single  ap- 
propriate constant  and  or  a  constant  were  added  to  the  attributes  of  one.  (In  one 
sense,  pairs  of  objects  with  a  Correlation  Coefficient  of  —1  are  the  most  dis- 
similar of  objects.)  To  summarize,  the  Correlation  Coefficient  gives  a  measure 
of  similarity,  normalizes  for  proportional  and/or  additive  differences,  and  pro- 
vides a  measure  of  the  "symmetry  of  opposites"  by  .so-called  "negative  corre- 
lation."' For  our  te.«t  patterns,  the  Correlation  Coefficient  between  .1  and  B  i- 
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—0.333,  and  between  -4  and  ('  or  B  and  T  is  +0.577  (and  these  remain  the  same 
if  tlie  background  is  made  completely  transparent). 

This  measure  of  similarity  also  has  a  kind  of  intuitive  appeal — l)ut  different 
from  that  of  Tanimoto's  Similarity  Coefficient.  To  convert  the  C'onchition 
Coefficient  to  a  distance  measure  for  defining  another  semi-metric  space,  we  can 
again  take  the  negative  logarithm.  (The  logarithm  of  —1.  like  the  \/—  \,  is  an 
imaginary  number.  Thus  "Correlation  Space"  includes  two  s])aces  which  sliare 
their  "points  at  infinity"  in  connnon.  One  is  a  real  senii-iuetric  s])ace  and  the 
other  is  an  imaginary  space  with  a  corresponding  imaginaiy  point  foi'  each 
point  in  the  real  s]iace.) 

The  Correlation  Coefficient  is  a  very  powerful  tool  for  recognizing  certain 
classes  of  similarity  which  might  otherwise  go  unnoticed  without  an  additive  or 
multiplicative  normalizing  stej).  However,  in  cases  wheiT  the  Correlation  Co- 
efficient is  +1  as  a  result  of  compensating  for  both  additive  and  multiplicative 
differences  simultaneously,  this  result  will  usually  apiiear  to  be  in  complete 
conflict  with  an  ordinary  intuitive  sense  of  similarity  or  identity;  (for  example, 
consider  as  paired  objects,  the  two  sequences  of  iuunl)ers,  9,  6,  12,  3,  15,  and  9, 
8,  10,  7,  11).  It  is  also,  incidentally,  about  twice  as  exi)ensive  to  compute  the 
Correlation  Coefficient  as  the  Tanimoto  Similarity  Coefficient.  On  the  other 
hand,  two  patterns  in  which  the  magnitudes  of  the  attributes  vary  independ- 
ently and  at  random  with  respect  to  one  another,  will  have  a  Correlation  Co- 
efficient of  0  and  will  be  infinitely  separated  in  Correlation  Space.  This  is 
clearly  an  attractive  feature.  Such  a  pair  might  occasionally  be  as  close  to- 
gether as  one  Tanimoto  unit  in  Tanimoto  Space  (see  page  461 ). 

No  other  measure  of  similarity  of  which  we  are  aware  seems  to  ajiproach 
the  Tanimoto  Similarity  Coefficient  or  the  Correlation  Coefficient  in  both 
generality  and  sensitivity,  although  simple  theoretical  arguments  lead  one  to 
believe  that  there  must  be  a  host  of  as  yet  undiscovered  but  useful  measures  of 
similarity  (distance  functions  of  both  metric  and  semi-metric  spaces). 

REWEIGHTIXG  .\XD  NORMALIZATIOX 

Two  kinds  of  transformations  can  be  usefully  performed  on  data  before 
measuring  the  similarity  of  patterns.  These  constitute  reweighting  the  data 
based  on  the  informational  content  (statistical  properties)  of  the  data  (e.g., 
removing  redundant  data),  and  normalizing  the  data — i.e.,  performing  trans- 
formations such  that  two  patterns,  which  before  transformation  might  be  quite 
far  apart  in  a  given  semi-metric  space,  will,  after  transformation,  ''superim- 
pose" (be  identical).  Simple  transformation  may  involve  translation  or  biasing 
(modifying  the  position  or  magnitudes  of  the  attributes  by  an  additive  con- 
stant), expansion  or  contraction  of  scale  (modifying  the  magnitudes  of  the 
attributes  by  a  multiplicative  constant),  forming  the  "negative,"  mirror  in- 
version, etc.  The  purposes  of  reweighting  and  normalizing  are  different  al- 
though operationally  they  may  be  indistinguishable.  Thus  the  removal  of  re- 
dundant information  by  dividing  all  values  of  an  attribute  of  a  population  by 
the  lowest  common  denominator  among  the  values  of  that  particular  attribute 
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among  the  members  of  that  iTOpiiUition — one  kind  of  reweighting  step — is  in- 
distinguishable from  a  normalizing  contraction  of  scale  in  the  dimension 
represented  by  that  attribute. 

All  normalizing  or  reweighting  steps  must  be  of  such  a  nature  that  when 
applied  to  initially  identical  patterns,  the  distance  between  such  patterns  will 
remain  zero  after  the  normalizing  or  reweighting  procedure.  It  is  also  desira- 
ble that  normalizing  or  reweighting  steps  should  be  of  such  a  nature  that  no 
useful  information  about  differences  be  lost  or  discarded  inadvertently  during 
data  processing. 

AVe  fm-ther  distinguish  these  two  processes  as  follows: 

Reweighting;  the  Removal  of  Redundancy 

The  general  purpose  of  reweighting  is  to  reduce  the  magnitude  of  a  special 
kind  of  similarity  (e.g.,  redundancy)  in  a  given  population.  This  is  done  to  in- 
crease the  sensitivity  of  a  similarity  measure  for  detecting  the  remaining  dif- 
ferences between  patterns.  It  is  desirable  that  reweighting  reflect  the  statistical 
significance  (or  information  content)  of  the  raw  data.  Because  of  its  very 
nature,  inadvertent  loss  of  useful  information  during  reweighting  is  unlikely. 

Xormalization;  a  Topological  Transfonnation 

The  general  purpose  of  normalizing  is  to  increase  the  sensitivity  of  a  simi- 
larity measure  to  otherwise  "hidden  similarities"  between  patterns.  Now  just 
what  do  we  mean  by  "hidden  similarities"?  Two  samples  of  a  single  volume 
of  serum,  one  diluted  to  half  the  concentration  of  the  other,  would  give  disc 
electrophoresis  patterns  in  which  the  optical  density  at  each  band  of  the  un- 
diluted specimen  would  be  twice  that  of  the  corresponding  band  in  the  other 
(see  Fig.  5) .  If  we  arbitrarih'  decide  that  such  a  uniform  dilution  has  little  sig- 
nificance for  our  purposes,  but  the  fact  of  identity  after  a  change  of  scale  is 
highly  significant,  then  the  application  of  this  transformation  is  called  a  nor- 
malizing step.  Clearly,  if  we  are  mistaken  about  the  relative  significance  of  the 
difference  in  concentration  as  compared  to  the  "hidden  identity"  of  these  sam- 
ples, and  if  we  emploj'  a  normalizing  step  which  "throws  out"  the  original  in- 
formation about  the  difference  in  concentration,  not  only  will  we  fail  to  discover 
our  error  from  the  ensuing  analysis,  but  we  could  never  retrace  our  steps. 

Xormalization  can  therefore  be  hazardous.  To  eliminate  this  hazard  it 
might  be  desirable  to  compare  raw  data  without  any  normalization  and  then 
to  again  compare  the  same  data  after  normalization.  If  we  are  in  complete 
ignorance  about  the  information  content  of  the  universe  of  the  population 
being  sampled  and  classified,  there  is  no  doubt  that  this  safe  procedure  is  the 
only  reasonable  procedure  (even  though  it  is  also  a  more  laborious  one) . 

When,  on  the  other  hand,  one  has  chosen  or  designed  tlie  straight-jacket  into 
which  the  "raw  data"  must  fit — the  particular  method  of  measurement  or 
observation  or  environmental  transducer  or  "sen.se  organ"  used — one  has 
usually  already  passed  the  rawest  data  through  a  variable  number  of  implicit 
or  explicit  normalizing  steps.  From  this  frame  of  reference  therefore,  when 
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economy  is  important,  it  is  more  realistic  to  try  to  recognize  such  data- 
gathering  normalizations  explicitly,  and  to  add  any  others  which  wcic  not 
conveniently  included  in  the  data-gathering  process  but  can  argued  to  l)e 
"reasonable."  If  the  data  are  also  preserved  in  something  close  to  their  original 
form,  as  well  as  in  the  normalized  forms,  it  will  always  be  possible  to  reexamine 
those  original  differences  between  samples  which  disappear  after  normaliza- 
tion. 

As  indicated  earlier  (page  4501,  the  Correlation  Coefiicient  can  autonuiti- 
cally  provide  two  kinds  of  normalization  while  simultaneously  providing  a 
measure  of  similarity.  It  is  largely  because  of  an  "over-abundance"  of  kinds  of 


Fig.  5.  One  of  the  samples  from  Figure  3C;  3 
microliters  of  serum  in  the  right-hand  run,  IV2 
microliters  m  the  left-hand  run. 


normalization  that  I  consider  it  inapproi)riate  (hazardous)  as  a  pi'imary 
measure  of  similarity. 

In  general,  normalizing  steins  should  usually  precede  reweighting  steps  be- 
cause it  is  the  redundancy  of  the  normalized  population  that  one  wishes  to 
reduce. 

A  SIMPLE  TAXOXOMIC  SCHEME  FOR  ONE-DIMENSIOXAL  PATTERN'.-- 

We  will  now  describe  a  scheme  of  analysis  starting  with  a  matrix  of  10,000 
columns  (the  samples)  and  400  rows  (the  positions  in  each  pattern)  with  128 
numbers  from  0  to  1,000  (the  anti-logs  of  the  7  bit  logarithms  of  concenti'ation, 
accurate  to  5  binary  i)laces|  occupying  the  i)Ositions  in  the  matrix. 

Given  such  a  matrix,  we  now  a])i)Iy  a  normalizing  step  to  insure  that  sam- 
ples which  are  identical,  except  for  a  dilution  of  one  relative  to  the  other,  will 
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be  e(|U:il.  Tliis  is  aocomnlij^lied  by  dividing  the  xiihie  of  each  attribute  in  a 
coknnn  by  the  average  value  for  that  column. 

Next  come$  a  reweighting  step.  If  we  locate  the  smallest  non-zero  value  in 
each  row  of  the  normalized  matrix  and  divide  each  value  in  that  row  by  that 
smallest  value,  entering  such  quotients  in  a  new  conjugate  matrix,  we  will 
have  reweighted  the  data  so  that  all  corresponding  attribute  magnitudes  shared 
by  all  samples  will  have  been  removed.  With  this  redundant  information 
eliminated,  the  measurement  of  similarity  between  patterns  (columns)  will  be 
more  sensitive  to  the  magnitudes  of  residual  differences  from  pattern  to  pat- 
tern. (It  is  clear  that  a  good  deal  of  sharing  of  attributes  will  usually  still  re- 
main to  decrease  the  sensitivity  to  differences.)  The  above  procedure  is  the 
simplest*  for  increasing  sensitivity  to  differences  without  losing  information. 

The  Tanimoto  distances  between  each  colunm  and  every  other  column  are 
now  computed  and  are  entered  into  a  new  matrix,  the  Similarit}-  ^Matrix,  with 
10.000  rows  and  10.000  columns.  The  average  Tanimoto  distance  between 
each  sample  and  eveiy  other  sample,  i.e.,  the  sum  of  the  entries  along  a  row  of 
the  Similaritj'  Matrix  divided  by  10,000,  is  computed  and  samples  are  or- 
dered in  a  list  on  the  basis  of  this  average  Tanimoto  distance.  The  sample 
with  the  smallest  average  distance  from  all  other  samples,  (i.e.,  the  "iiio-i 
tyjiical"  member  of  the  jwpulation )  will  head  this  "Hierarchical  List"'  (31 1 . 

A  histogram  of  the  frequencies  of  the  distances  between  this  most  typical 
member  and  all  other  members  is  plotted.  The  first  "peak"  is  located.  (This 
relative  maximum  might  rarely  occur  at  the  origin.)  If  it  falls  more  than  1 
Tanimoto  unit  of  distance  (Similarity  Coefficient  less  than  Va)  from  the  origin, 
all  sjjecimens  within  1  Tanimoto  unit  of  the  most  typical  specimen  (as  well  as 
the  most  typical  si)ecimen»  are  transferred  to  the  bottom  of  the  Hierarchical 
List.  The  sample  now  heading  the  Li.st  is  selected  as  "a  most  typical  member" 
and  a  histogram  of  the  above  type  is  again  plotted,  and  its  first  peak  located.  If 
the  |)eak  falls  more  than  1  unit  of  Tanimoto  distance  from  the  origin,  the  Hier- 
archical List  is  again  rearranged. 

If,  on  the  other  hand,  a  first  peak  is  within  1  unit  of  Tanimoto  distance  of  a 
most  typical  member,  the  first  minimum  in  the  distribution  curve  with  a  mag- 
nitude le.ss  than  V2  of  the  value  of  the  first  peak  is  located  (point  .4)  (see  Fig. 
61.  The  next  i)oint  towards  the  origin  with  a  magnitude  equal  to  V2  the  value  of 

•  \  more  balanced  reweighting  requires  more  sophisticated  data  proces.sing.  For  example, 
the  number  of  occurrences  of  eadi  normahzed  value  in  each  row  divided  by  10,000  gives  us 
the  frequency  of  occurrence  of  that  normalized  concentration  of  protein  at  that  po.-^ition  in 
the  pattern,  (f(x)r  —  frequency  of  a  particular  value  of  x  at  position  (row)  r).  In  .«o  far  as 
the  samples  making  up  the  .set  of  10.000  were  chcsen  at  random  from  a  given  larger  popu- 
lation, the  set  of  frequencies  approximate  the  probabilities  that  a  new  sample,  picked  at 
random  from  that  larger  jjopulation  will  have  each  of  these  normalized  concentrations  at 
each  position  (jAx),  —  probability  of  a  particular  value  of  x  at  position  r).  By  multii)lyinc 
each  entr>-,  x,  by  —logs  p(x),,  (the  .self  information  (22)  of  each  kind  of  entry  in  a  row  1 
the  ma^itude  of  veri-  rare  values  of  the  attributes  are  emphasized,  indepentlent  of  tli<  11 
original  magnitudes.  This  method  of  reweightinK  will  hi-  used  further  on  in  a  more 
sophisticated  scheme. 
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the  first  peak  is  located  (point  />).  Tlien  the  next  point  towartls  the  ori<^in  with 
a  magnitude  equal  to  'Vi  of  the  \  alue  of  the  first  i)eak  is  also  located  (point  C). 
Twice  the  distance  along  the  al)scissa  between  the  |)oints  B  and  C  is  added  to 
the  value  of  the  ai)scissa  at  />  to  locate  a  new  i)oint  on  the  abscissa  (jioinf  D) . 
The  "Boundary  of  the  P'irst  Bianch"  is  set  by  eithei'  the  location  of  the  niini- 
muni,  .4.  or  the  point  I),  whichcxci-  is  further  along  the  al)sciss;i  from  the  origin. 
(In  this  i)rocedure,  D  is  tlu'  intersection  with  the  abscissa  of  the  line  drawn 
through  points  B  and  C.  If  the  distribution  function  of  the  marginal  portion  of 
this  sub-group  were  Gaussian,  less  than  4.5"^^  of  the  "true"  members  of  that 
group  would  lie  at  Tanimoto  distances  greater  than  J)  from  the  most  typical 
member.) 

All  specimens  within  the  "radius"  (/)  or  A)  of  the  "semi-metric  space  hyper- 
si)here"  suri'oimding  the  most  tyjiical  member  or  "Archetype"  constitute  the 


0.5  1.0     f    1.5         2.0        2  5         3.0  3.5 

Boundary 
of  First  Branch 


TANIMOTO  DISTANCE 

Fig.  6.  Model  of  a  frequency  distribution  (histogram)  of  Tanimoto  di.^tances  between  a 
"most  typical"  sample  and  all  other  .-^amjile-s,  demonstrating  the  application  of  the  rules  for 
determining  the  boundary  of  the  Fir.-t  Branch  poiHilation. 

niemi)ership  of  the  First  Branch  i)opulation  and  are  entered  into  a  new  matrix, 
the  First  Branch  Matrix. 

All  meml)ers  of  the  First  Branch  within  1  Tanimoto  unit  of  the  Archetype 
are  removed  from  the  Hierarchical  List  and  the  highest  remaining  member 
on  the  list  is  chosen  as  a  candidate  for  the  title,  Archetype  of  the  Second 
Branch.  All  the  steps  performed  with  a  most  typical  sample  are  repeated  with 
this  sample  to  locate  the  boundary  and  members  of  the  Second  Branch  (  which 
may  also  include  some  marginal  members  of  the  First  Branch).  These  samples 
are  entered  into  a  Second  Branch  Matrix,  and  appropriate  members  of  this 
Branch  are  removed  from  the  Hierarchical  List,  and  the  whole  process  is 
iterated  until  less  than  1.000  members  remain  on  the  List.  All  these  remaining 
samples  are  then  added  to  the  "Residue  Branch  ^Matrix  of  the  Trunk." 

The  numbers  of  members  in  each  of  the  Branch  Matrices  is  noted  and  the 
Branches  are  ordered  according  to  their  sizes. 

A  new  sample  (the  ten  thousand  and  first)  is  now  normalized  and  re- 
weighted  with  the  set  of  lowest  common  denominators  of  the  rows  from  the 
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original  Trunk  Matrix  las  were  all  the  original  samples)  and  is  compared  to 
the  Archetype  of  the  Largest  Branch  (other  than  the  Residue).  If  the  Tani- 
moto  distance  between  them  is  less  than  the  radius  for  that  Branch,  the  sample 
is  added  to  that  Branch  Matrix.  If  the  distance  also  is  equal  to  or  exceeds  1 
Tanimoto  unit,  or  if  it  exceeds  the  radius  of  that  Branch,  it  is  next  compared 
to  the  Archetype  of  the  Next  Largest  Branch,  and  the  entire  process  is  iterated 
until  a  Branch  is  located,  the  Archetype  of  which  is  closer  than  1  Tanimoto 
unit  to  the  new  sample,  or  failing  that,  the  new  sample  is  added  to  the  Residue 
Branch  Matrix. 

This  procedure  is  repeated  with  succeeding  new  samples  until  the  population 
in  a  Branch  Matrix  equals  10.000.  At  that  time,  the  Brancli  is  normalized,  re- 
weighted,  and  subdivided  in  exactly  the  same  manner  as  the  original  Trunk 
population.  This  procedure  generates  a  taxonomic  tree  and  at  the  same  time, 
provides  a  means  for  locating  those  sets  of  samples  out  of  the  total  population 
of  samples  studied  which  arc  most  like  a  new  case.  (By  examining  other  attri- 
butes (e.g.,  clinical  findings)  from  the  records  of  the  set  of  patients  in  a 
"terminal"  Branch,  and  adding  these  additional  attributes — rows  (attributes) 
may  be  compared  and  classified  in  the  same  way  that  patients'  patterns  (col- 
umns) were  compared  above,  and  if  the  inittern  characteristic  of  a  "terminal" 
Branch  is  diagnostic  of  a  particular  disease  entity,  then  the  most  significant 
attributes  of  the  pattern  will  l)e  grouped  with  the  con.stellation  of  clinical  find- 
ings that  are  known  to  characterize  the  disea.se.) 

JVSTIFKATIOX  OF  THE  SCHEME 

Let  us  now  examine  the  justification  for  these  steps  explicitly,  and  discuss  the 
amount  of  computer  time  required  for  such  data  ])rocessing.  We  will  then  ex- 
amine a  more  sophisticated  technicjue  which  has  grown  from  the  above  proce- 
dure. This  technique  dra.stically  reduces  cost  (by  a  factor  of  1,000  or  more), 
reduces  "arbitrariness,"  and  increases  flexibility  and  generality.  The  refined 
technique  will  be  li.sted  in  a  somewhat  more  formal  way,  as  a  set  of  instruc- 
tions from  which  a  programmer  could  more  easily  and  directly  work. 

GROt  P  CE.XTROID,  ■■N.\TURAL"  BOLXDARIE.S  BETWEEN  GROUPS, 
AND  HYPER- SPHERE.S 

Wlien  one  considers  subdividing  a  group  of  objects,  patterns,  etc.,  to  generate 
a  taxonomic  tree  (classification),  one  usually  assumes  that  some  cohesive 
clusters  with  easily  definable  "natural"  boundaries  exist  within  the  population 
to  be  subdivided.  This  assumption  is  not  necessarily  valid.  Consider  a  popula- 
tion of  patterns  in  which  the  optical  densities  have  a  Gaussian  density  distri- 
bution of  amplitudes  that  varj'  at  random  from  point  to  point  within  a  pattern 
and  from  pattern  to  pattern.  Such  a  "white  noise"  source  has  no  "internal  struc- 
ture." If  we  examine  the  di.stribution  in  a  hyper-.space  of  the  points  represented 
by  such  a  group  of  patterns,  we  will  discover  a  single  cluster  with  a  "bell- 
shaped"  density  distribution  (unimodal)  from  its  "center"  out,  and  no  subdivi- 
sion of  such  a  population  would  yield  "natural  subgroups"  (Fig.  7j . 
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Consider  next,  a  population  of  in  discrete  kinds  of  patterns  which  are  as  dis- 
tinct as  patterns  A  and  B  (page  448).  Such  a  population  would  provide  a  set  of 
m  discrete  points  in  a  hyper-space.  Now  superimpose  low  magnitude  "white 
noise"  on  the  individual  samples  of  discrete  patterns  and  examine  the  distribu- 
tion of  the  new  noisy  patterns.  If  the  magnitude  of  the  noise,  relative  to  the 
pattern  optical  densities,  is  not  too  great,  we  will  now  have  a  polymodal  dis- 
tribution of  m  distinguishable  clouds  or  clusters,  each  centered  on  the  position 
of  the  corresponding  discrete  point  in  the  previous  distribution  (Fig.  8).  If  we 


Fig.  7.  Model  of  the  distribution  of  points  representing  members  of  a  "white  noise"  popu- 
lation of  patterns  in  a  two-dimensional  metric  space. 

increase  the  magnitude  of  the  noise,  these  clouds  will  overlap — and  if  the  signal 
to  noise  ratio  degenerates  sufficiently,  the  overlapjiing  clouds  may  become  in- 
distinguishable from  a  single  "white  noise"  distribution. 

When  there  is  no  "overlap"  of  clouds,  a  very  large  number  of-  kinds  of 
hyper-surfaces  (boundaries  between  n-dimensional  volumes)  can  be  generated 
in  the  hyper-space,  any  set  of  which  will  sub-divide  the  population  into  the 
same  set  of  m  subgroujis.  Such  sul)groups  will  be  called  natural  subgroups. 
However,  as  soon  as  we  have  "overlap"  between  two  such  "noisy"  populations, 
there  exist  many  fewer  kinds  of  surfaces  which  will  yield  identically  divided 
populations.  Any  dividing  hyper-surface  is  then  arbitrary,  and  any  claim  to 
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"naturalness"  for  a  classification  derived  from  such  data  can  receive  its  only 
support  from  the  arguments  used  to  defend  the  particular  boundary-defining 
conditions  and  distance  function  used. 

It  is  convenient  to  consider  the  "siiherical"  surface  of  the  hyper-sphere 
(surface  generated  using  the  distance  from  the  "center  of  mass"  or  centroid  of 


Yw.  8.  Model  of  a  polymotlal  distribution  of  m  =^  7  dilTf  rem  "noi-y"  populations  of 
patterns  in  a  two-dimensional  metric  space. 

an  ideal  natural  cluster  to  its  most  distant  member  as  the  "radius")  as  the 
boundary  of  the  cluster  (31,  34,  35).  (Of  course,  for  the  natural  subgrouj),  many 
other  arbitrary  hyper-surfaces  can  usually  serve  as  well,  but  no  other  is  as 
conveniently  defined.  Some  infrequently  encountered  but  none  the  less  distinct 
"natural"  populations  could  never  be  resolved  by  a  simply  connected  surface 
such  as  a  .sphere — e.g.,  two  interlinked  toroids.  To  discover  and  separate  .'^uch 
populations,  less  convenient  algoritlims  which  search  foi-  discontinuities  in 
connectivity  must  be  u.«ed.) 
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Oporationally,  to  <^cncratc'  t;vK'li  a  liy|)('i-si)li('rical  houndary  sui'facc  for 
natural  or  unnatural  clustt'r^<,  we  necil  two  (Icvicrs: 

1 )  Wo  nuist  locate  the  centroid  or  a  reasonal)le  suhs^titute  "central  point." 

2)  We  must  find  a  radius  measured  from  that  "central  point"  which  gener- 
ates a  hyper-s])lu're  enclosing  most  of  the  members  of  an  unnatural  cluster, 
excluding  most  members  of  other  clusters,  and  hopefully  subdivides  most  natu- 
ral populations  without  any  admixture. 

RELATIVITY  IX  METRIC  AXD  SEMI-METRIC  HYPER-SPACES 

In  Euclidean  space,  if  we  seat  ourselves  at  any  convenient  point  in  the  co- 
ordinate system  and  view  the  relative  distances  between  galaxy  clusters, 
galaxies,  star  clusters  within  a  galaxy,  and  individual  stars,  we  can  then  move  to 
another  observation  point,  and  the  relative  distances  between  points  in  this 
space  will  be  observed  to  be  the  same  (assuming  the  use  of  some  rangefinder 
with  infinite  resolution  i.  A  ])ioce(luii'  for  locating  clusters  operating  from 
the  origin  of  the  co-ordinate  system,  oi-  any  other  fixed  point  could  there- 
fore serve  the  requirements  of  (le\ice  1  I.  Unfortunately,  as  pointed  out  earlier 
in  the  discussion  of  metric  spaces,  ] joints  in  n-dimensional  Euclidean  space  will 
often  be  quite  "crowded"  and  overlap  of  subgroup  spheres  would  therefore  be 
expected  to  make  natural  subdivision  quite  rare. 

On  the  other  hand,  in  a  semi-metric  space  such  as  Tanimoto  Space,  where 
cleaner  separation  of  dissimilar  clusters  can  be  anticipated,  the  universe  and  its 
galaxies  present  very  different  relative  views,  depending  upon  the  point  in  space 
from  which  one  makes  his  observations.  From  point  C,  A  and  B  are  both  rela- 
tively and  equally  nearby,  yet  from  .4,  B  is  very  much  further  away  than 
nearby  C. 

To  locate  the  centroid  of  a  cluster  in  a  semi-metric  space,  it  is  therefore 
necessary,  in  principle,  to  sit  down  at  each  and  every  point  in  that  space  and 
look  outwards  at  all  other  points,  and  on  tliat  basis  locate  the  centroid  of  a 
cluster. 

CLAS.s  ARCHETYPE  AND  THE  HIERARCHICAL  LIST 

If  a  cluster  is  "unimodal"  and  "symmetrical,"  the  centroid  will  be  closest  to 
the  "most  typical"  member  of  the  pojiulation,  and  the  average  Tanimoto  dis- 
tance from  this  member  to  other  meml)ers  of  the  cluster  will  have  the  minimum 
value.  That  is,  among  the  average  Tanimoto  distances  between  each  member 
of  this  cluster  and  every  other  member,  the  "most  typical  member"  will  have 
the  lowest  value  and  will  therefore  head  the  Hierarchical  List  (see  Tanimoto, 
31). 

If  the  cluster  is  not  unimodal — for  example,  is  polymodal,  with  the  centroid 
of  each  of  the  >uhiii()U|)>  distributed  equally  sjiaced  on  a  "spherical  shell,"  then 
the  point  at  the  "center"  of  the  shell  will  be  the  centroid  for  this  polymodal 
pojndation.  Let  us  suppose  that  the  spread  of  each  cluster  is  sufficiently  large  to 
extend  to  the  center  of  the  sphere  (Figure  9).  Then  the  specimen  nearest  the 
center  will  head  the  Hierarchical  List  for  this  polymodal  population. 
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In  till'  ca^o  of  till'  uiiinioilal  population,  the  "niost  ty})ical"  nicnil)cr  will 
have  a  larger  nuniher  of  closest  neigliimrs  than  any  other  nienil)er.  In  con- 
trac^t.  in  the  case  of  this  si)hencal  shell  iwlyniodal  population,  the  nieniher 
nearest  the  centroid  will  have  among  the  fewest  number  of  closest  neighbors.  If 
the  shell  radius  is  a  great  number  of  Tanimoto  units  in  magnitude,  then  the 


Fk;.  9.  Model  of  a  ".'ipliLTical  .'^lifll-dist lihiit ion"  of  7  "noisy"  ]ioi)iilations;  of  pnltcrns  in  a 
two-dimensional  metric  spac-e. 

specimen  nearest  the  centroid  will  really  be  a  very  jraor  Archetype.  Sucli  a 
polymodal  subgroup  may  none  the  less  be  quite  natural  in  being  completely 
separated  from  other  more  di.stant  .subgroups  funimodal  or  polymodal). 

If  we  wish  the  "Archetype"  to  have  the  connotation  of  a  "most  typical" 
sample,  we  must  reject  sucli  samples  near  low  density  centroids  as  candidates 
for  the  title.  Archetyi)e  of  a  Branch.  Alternatively — and  with  sonn  wliat  Ics.-- 
arl>itrarines.s — we  might  use  the  designation,  Population  ( 'cntioid.  uiuKTstaiid- 
ing  that  such  a  member  of  a  j)opuIati()n  may  be  a  far  cry  from  what  one  iiitui- 
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tively  thinks  of  as  a  "typt-  specimen"  or  Archetyiie.  (The  two  api)roaches  will 
yield  somewhat  different  branching  patterns — (i.e.,  they  will  yield  different 
intermediate  subgroups)  although  the  number  and  identity  of  the  "terminal" 
branches  of  two  such  taxonomic  trees  wovUd  i)e  ex])ected  to  be  (|uite  similai'.  I 

The  Hierarchical  List  provides  us  with  the  "Population  ( 'cntroid"  of  the 
Trunk.  Examination  of  the  frequency  distribution  of  Tanimoto  distances  be- 
tween the  Population  Centroid  and  all  other  samples  tells  us  wlietlu  i'  it  is 
located  in  a  low  density  or  high  density  volume  of  Tanimoto  Space.  The  mag- 
nitude of  tliis  distribution  function  and  the  sign  and  magnitudes  of  it.-  hr.-t  and 
second  derivatives  provide  all  the  necessary  cues.  Clearly,  howi\('r,  the 
boundary  between  what  one  considers  to  be  low  di^nsity  and  high  density  must 
be  arbitrary.  We  have  above  ])roi)osed  using  the  kinds  of  criteria  that  are 
connnonly  used  in  analysis  of  histograms.  I  There  is  obviously  considerable 
room  here  for  the  use  of  more  sophisticated  criteria  which,  for  example, 
examine  boundaries  using  assumptions  of  other  than  normal  distrilnition  1 36, 
37).) 

The  following  sjjecial  projierty  of  the  Similarity  Coefficient  was  also  taken 
into  account: 

It  can  be  shown  that  the  avei'age  Tanimoto  distances  between  a  sample  of  a 
population,  in  which  all  magnitude's  of  all  attributes  are  eciually  likely,  and  all 
other  members  have  a  distribution  with  the  mean  location  of  a  peak  at  1  Tani- 
moto unit,  and  approaches  minimum  values  at  both  zero  and  infinite  Tanimoto 
distances.  Therefore  jjatterns  related  only  randomly  might  average  separations 
as  small  as  1  Tanimoto  unit  (as  will  also  such  clearly  related  patterns  as  for 
example,  A  and  C  ). 

SUBDIVISION  OF  THE  POPULATION 

By  transferring  a  Population  Centroid  and  all  its  neighbors  within  1  Tani- 
moto unit  to  the  bottom  of  the  Hierarchical  List  when  the  first  iieak  is  located 
beyond  1  Tanimoto  unit  (as  would  be  the  case  foi'  the  polymodal  shell  model 
distribution,  following  the  analyticid  scheme  projjosed  on  pngv  454)  we  make  it 
more  likely  that  the  next  highest  remaining  member  on  the  Hierarchical  List 
will  fall  near  a  high  density  point  which  is  also  near  a  centroid.  Transfer  of 
only  the  centroid  itself  would  usually  leave  the  next  nearest  memljer  to  the 
centroid  at  the  toj)  of  the  Hierarchical  List.  By  transferring  a  sufficient  number 
of  closest  neighbors  of  the  centroid.  we  therefore  insure  a  shift  to  a  new  center 
of  gravity.  In  the  shell  model,  this  new  "central  point"  would  be  near  tlu' 
center  of  one  of  the  overlap])ing  subjioijulations  on  the  shell,  and  the  first 
minimum  in  the  distriljution  curve  would  occur  beyond  the  furthest  subpojnda- 
tion  on  the  "ojiposite  side"  of  the  shell,  if  the  populations  overlapped  suffi- 
ciently. H  not,  an  individual  subpopulation  would  be  isolated  including  some 
marginal  members  of  neighboring  subpopulations  and  excluding  some  (of  the 
order  of  4.5^^  )  of  the  "proper  members"  of  that  first  subpopulation. 

By  using  either  a  Poi)ulation  Centroid,  or  an  Archetype  as  defined  above,  we 
thus  locate  useful  "central  points"  satisfying  the  requirements  for  device  1). 
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The  siin]ile  rules  for  determining  the  grouji  radii  are  given  on  pages  454  and 
455  satisfy  the  requirements  for  device  2 1 . 

Such  simple  rules  can  result  in  "too  early"  subdivision  of  a  natural  sub- 
grou]i — i.e..  two  overlapping  subgroups  may  have  a  finite  minimum  between 
them  but  a  zero  minimum  beyond  the  second.  A  set  of  rules  for  more  natural 
subdivision  woultl  call  for  preliminary  search  for  the  widest  or  "most  signifi- 
cant." minimum  with  rules  for  deciding  whether  or  not  to  use  its  location,  or 
that  of  the  first  minimum  (or  any  other  minimum  closer  to  the  origin!  as  the 
basis  for  setting  the  radius  for  the  subgroup. 

The  kind  of  boundary  rules  described  assure  that  marginal  members  of 
groups  will  appear  in  more  than  one  Branch  of  the  Tree.  This  jiartly  compen- 
sates for  the  arbitrariness  of  "unnatural"  boundaries,  but  does  this  at  the  ex- 
pense of  incrcai^ed  computational  cost. 

Some  elements  of  the  analysis  presented,  though  intuitively  sim])le,  are  none 
the  less  relatively  novel.  We  have  attempted  to  resolve  the  classification 
problem  with  methods  which  have  their  origins  in  ordinary  intuitions,  not  be- 
cause we  believe  that  intuitively  apjiealing  methods  are  necessarily  the  best, 
but  because  experience  has  often  shown  that  if  new  and  useful  methods  are  to 
be  discovered  during  an  essentially  exploratory  phase  of  the  development  of  a 
field,  aimless  groping  for  new  directions  often  results  from  the  loss  of  perspec- 
tive that  can  follow  when  one  casts  loose,  too  early,  from  intuitive  moorings. 

Whereas  the  boundaries  of  our  populations,  i.e.,  hyper-spherical  surfaces,  are 
set  by  a  semi-metric  distance  (such  boundaries  are  now  usually  referred  to  as 
decision  boundaries  in  the  jargon  of  decision  theory,  a  new  branch  of  statistics 
(38.  391  which  threatens  to  engulf  the  whole),  it  is  more  commonly  the  prac- 
tice, in  decision  theory,  to  car\-e  up  a  metric  decision  space  with  hyper-])lanes. 
Less  commonly,  hyper-sjiheres  and  lu'per-quadrics  have  been  suggested  as 
promising  alternatives  (35).  The  implementation  of  such  techniques  will 
usually  be  more  complicated  than  the  calculation  of  a  simple  semi-metric 
radius,  and  the  complexity  of  the  computations  will  usually  grow  very  rapidly 
as  one  i)rogres.ses  from  relatively  few  sim])le  hyper-planes  to  the  complex  but 
less  arbitrary  hyper-quadric  surfaces. 

Because  of  the  "asymmetries"  of  many  interesting  .■^emi-metric  spaces  (in- 
cluding Tanimoto  Space  and  Correlation  Space)  the  simply  computed  semi- 
metric  hyjier-spherical  boundary  can  often  be  expected  to  give  very  clean 
separation  of  "natural"  populations  which  are  them.selves  asynunetric  in  a 
metric  sjiace  and/or  are  so  crowdefl  that  only  very  complex  decision  l)Oundaries 
could  hope  to  separate  them  cleanly.  Thus  the  use  of  a  simple  semi-metric 
space,  in  a  .sense,  permits  the  equivalent  of  a  topological  distortion  and  .separa- 
tion of  such  natural  populations  sufficient  to  permit  the  use  of  very  easily 
defined  and  simply  implemented  decision  boundaries.  This  results  from  re- 
versing priorities  in  .<etting  up  the  problem.  Rather  than  u-sing  a  familiar 
metric  space  to  define  a  less  familiar  measure  of  similarity,  a  more  intuitive 
measure  of  similarity  is  u.sed  to  define  our  semi-metric  decision  space.  Tani- 
nioto's  Hierarchical  List  then  |)('riiiits  the  simple  and  unambiguous  location  of 
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those  population  ccntroids  in  senii-nietric  space  which  are  necessary  to  gener- 
ate tiie  liyper-sphere — hut  at  some  expense.  will  now  examine  this  adtled 
cost  to  see  whetlier  the  jjotetitial  computational  simplicity  of  this  semi-metric 
approach  can  he  presei'ved  while  re(lucin<i  the  cost  to  reasonahle  le\-els  and  at 
the  sacrifice  of  no  more  than  a  modicum  of  added  anil)i<fuity. 

CO.MITTIXO  COST 

If  lUiy  one  kind  of  operation  in  such  a  scheme  ii'(|uires  a  muuher  of  magni- 
tudes more  computer-time  than  all  the  rest  of  the  operations,  examination  of 
the  economics  of  this  operation  will,  in  fact,  gi\'e  a  reasonahle  measure  of  the 
total  cost. 

The  construction  of  the  Ilii'rarchical  List  recjuires  the  computation  of  a 
number  of  Similai-ity  ( 'octlicients  e(|ual  to  one  half  the  scjuare  of  the  munber  of 
samples  in  the  Li.-t.  Tlie  time  to  compute  one  Siunlarity  Coeiiicient  between 
two  400  i)Osition  samples  witli  7  bit  resolution  at  each  position  on  the  IBM 
7090  is  about  25  X  10~^  seconds  (40).  The  computation  of  the  Trunk  Similarity 
Matrix  (or  any  other  Branch  ^Matrix  of  10^  samples)  would  therefore  require 
0.5  X  10*  X  25  X  10~''  seconds,  or  14.5  days.  The  compute)-  time  per  sample 
would  average  about  two  minutes,  or  at  -SoOO  per  hour,  about  $17  per  sample. 
Since,  as  one  proceeds  up  the  tree,  appreciable  numbers  of  samples  will  appear 
in  more  than  one  Branch,  the  cost  might  rise  to  a  few  times  this  figure. 

Since,  from  the  perspecti\-e  developed  to  this  i)oint  in  the  discussion,  the 
"education"  of  the  comjjutcr  would  reciuire  the  growth  of  many  levels  of 
branches  before  the  Tree  might  be  diagnostically  useful,  the  in\-estnient  in 
computer  time  might  have  to  become  of  moon-shot  proportions  before  its 
utility  could  be  testeil.  If  the  numl)ei'  of  ultimate  Branch  Tips  is  fixed  (the 
population  has  a  finite  number  of  natural  indivisil)le  subgroups  such  that,  after 
addition  of  members  in  excess  of  the  number  necessary  to  activate  the  "sub- 
divide instruction",  all  distribution  histograms  of  Tanimoto  distances  among 
members  of  a  Branch  Tip  remain  miimodal  and  drop  to  zero  beyond  the 
peak)  then  beyond  the  time  when  those  terminal  Branch  Tips  have  been 
resolved,  the  "education"  of  the  comjjuter  would  be  complete.  From  then  on, 
the  time  recjuired  for  classifying  each  additional  sample  would  drop  ajjpre- 
ciably  (for  example,  for  a  symmetrical  dichotomous  tree  with  2'^"  Branch  Tips, 
from  two  minutes  per  sami)le  to  0.75  seconds).  Thus,  if  one  had  great  confi- 
dence in  the  utility  of  .such  a  jirogram — sufficient  confidence  to  invest  billions 
of  dollars  in  the  education  of  the  computer  before  it  "grew  to  a  productive 
age,"  one  might  consider  going  ahead,  even  with  such  an  enormous  initial  in- 
vestment, since  the  ultimate  cost  per  sample  would  be  cjuite  low. 

We  did  not  have  such  confidence.  Therefore,  it  was  necessary  to  examine 
ways  for  at  least  approaching  the  theoretical  performance  of  such  a  system  by 
means  which  would  reduce  the  cost  by  a  number  of  orders  of  magnitude. 

Since  the  cost  is  i)roi)ortional  to  the  square  of  the  number  of  samples  in  a 
Similarity  ]\Iatrix,  a  reduction  of  the  subdivision  limit  from  10,000  to  1,000 
samples  would  result  in  a  hundred-fold  saving.  Our  original  reason  for  arbi- 
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tnirily  ^jiocifying  10.000  .<ain])U's  per  matrix  wa^  to  try  to  assure  tliat  the  low- 
est common  denominators  used  for  reweighting  would  be  rejiresentative  of  the 
liojiulation  as  a  whole  with  a  ATry  high  degree  of  confidence.  A  more  reasonable 
way  to  specify  when  a  population  should  be  subdivided  would  depend  upon 
the  observed  statistical  structure  of  that  jiopulation  such  as  might  be  revealed 
by  continuous  monitoring  of  the  parameters  of  the  part  of  the  pojmlation 
sampled.  In  this  way  an  exjilicit  cue  could  be  automatically  provided  when  the 
jiarticular  population  might  be  subdivided  with  a  specified  degree  of  confidence. 
If  this  device  would  lead  to  smaller  Similarity  Matrices,  some  economy  might 
thereby  be  achieved.  Alternatively,  this  less  arbitrary  device  might  lead  to  even 
larger  matrices. 

histo(;r.\m  "c  rosskctioxs"  of  a  semi-metric  sp.\ce  axd  bvpassixg 

OF  THE  HIER.\RCHIC.AL  LI.sT 

More  significantly,  any  device  that  might  bypass  the  calculation  of  the 
Similarity  Matrices  and  Hierarchical  List  to  locate  the  "central  points"  of 
subgroups  in  Tanimoto  Space  would  permit  very  sul)stantial  savings. 

Consider  a  sample  chosen  at  random  from  a  poptilation  of  10.000  patterns. 
If  we  compute  the  Tanimoto  distance  between  it  and  all  other  samples  and 
jilot  a  histogram  of  frequency  versus  distance,  we  will,  in  general,  find  a 
distribution  curve  with  a  number  of  maxima  and  minima.  If  we  search  out  the 
highest  peak  in  this  histogram  we  will  have  located  the  largest  number  of 
specimens  at  any  fixed  distance  from  this  first  samjile.  These  may  cither  be  all 
r|uite  similar  to  one  another,  or  as  disjoint  as  our  optical  density  patterns.  .1 
and  B.  (since  patterns  infinitely  distant  from  one  another  may  lie  at  finite  and 
occasionally  equal  distances  from  a  third  ])attern  in  a  semi-metric  space  I . 

If  we  use  the  first  histogram  to  locate  a  new  specimen  from  this  modal  peak 
(any  specimen  at  the  distance  of  the  peak  from  the  first  specimen),  compute 
the  Tanimoto  distance  between  it  and  all  other  members  and  then  plot  a  new 
histogram,  one  of  the  following  distributions  will  be  observed: 

a  I  The  distribution  now  peaks  very  near  the  origin.  This  peak  is  also  the 
largest  of  -the  peaks  in  the  histogram  and  includes  approximately  the  same 
number  of  specimens  as  were  included  under  the  peak  in  the  first  histogram 
from  which  thi.s  .sample  was  extracted.  This  would  usually  mean  that  the  first 
l)eak  in  fact  represents  a  unimodal  and  .symmetrical  group  of  specimens  which 
were  close  to  one  another  as  well  as  at  nearly  equal  distances  from  the  first 
specimen,  and  this  second  specimen  is  therefore  very  near  the  "central  ])oint" 
of  this  large.st  First  Branch  population.  The  process  may  be  repeated  and  aftci- 
each  iteration,  the  largest  jjeak  should  move  closer  and  closer  to  the  origin  and 
each  newly  extracted  modal  specimen  should  apj^roach  closer  and  closer  to  the 
si)ecimen  which  is  the  "True  Population  Archetyi)e."  For  the  jnirpo.^es  of  useful 
subrli vision  a  close  neighbor  of  the  "True  Archety])e"  will  obviously  be  satis- 
factory and  the  degree  of  closeness  required  can  be  explicitly  sjiecified.  If  only 
ten  such  .sequential  "crossections  of  this  Tanimoto  Space"  proved  to  be  ade- 
quate to  locate  an  "acceptable"  Archetype,  then  the  cost  of  .-ulidixision  woiilil 
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have  been  reduced  ahoiit  1,000  times.  As  the  Taxonomy  {ii'ows,  the  cost  per 
sample  rises  to  the  ultimate  cost  per  sample  (of  the  oider  of  15(?  on  the  IBM 
7090)  with  the  "fully  educated  computer"  above.  (Such  a  cost  is  at  least  toler- 
able for  a  useful  diagnostic  tool.  I 

b)  The  distribution  may  now  peak  near  the  orijiin,  but  some  new  peak,  far 
removed  from  the  origin  is  instead  the  largest  jicak.  This  means  that  the  ]ieak 
in  the  first  histogram  was  composed  of  two  or  more  groups  (e.g.,  like  .1  and  7)1 
which  have  been  separated  by  choosing  one  of  their  nuMnbers  a>  our  new 
frame  of  reference.  We  now  proceed  to  select  a  sample  fioui  the  new  largest 
l)eak  and  iterate.  It  will  then  either  i)rovide  us  with  observations  a)  or  b) 
above,  or  c  I . 

cl  The  disti'ibution  now  provides  a  set  of  two  or  more  e(iual  peaks  of  maxi- 
mum height.  The  siciiiiticanee  is  the  same  as  in  b)  and  our  strategy  is  also  the 
same  with  any  of  the  eciual  peaks  being  used  for  locating  a  next  candidate  for 
Archetyj)e  of  the  Branch. 

Following  observations  b)  or  cl,  a  larger  number  of  crossections  will  in  gen- 
eral be  required  to  locate  an  "acceptable"  Archety])e  for  the  Branch,  but 
should  still  be  orders  of  magnitude  smaller  than  for  computing  an  entire 
Similarity  JMatrix.  The  definition  of  "largest  peak"  is  obviously  open  to  some 
refinement  which  would,  for  example,  take  both  "area  under  the  curve"  as 
well  as  peak  amplitude  into  account. 

This  heuristic  (41,  ]).  6 1  method  of  sami)ling  the  pojHilation  with  trial 
"crossections"  through  a  semi-metric  sj^ace  to  locate  the  candidates  for 
Archetype  of  a  Branch  i)rojnises  to  i)rovide  the  requisite  economy  to  make 
this  kind  of  Taxonomic  procedure  both  practical  at  this  time  and  the  leading 
contender  as  a  model  for  mechanical  induction. 

A  MORE  EFFICIEXT  PATTERX  RECOGXITIOX  PROGRAM 

We  will  now  list  the  steps  of  an  improved  Taxonomic  procedure. 

Definitions 

Xrc  is  the  magnitude  (to  5  significant  binary  places)  of  the  anti-log  of  the  7  bit 
logarithm  of  the  optical  density  (therefore  proportional  to  the  concentration  of 
protein)  at  position  (row)  /•  in  sample  (column)  c. 

He  is  the  number  of  samples  (columns)  in  an  active  memory  matrix. 

rir  is  the  number  of  positions  (rows)  in  a  sample,  (e.g.,  400  in  this  case). 

Then  the  row  and  column  means  are  given  by, 

Xr  =  _^  ;      Xc  =  j:  > 

He  rir 

and  the  matrix  mean  by, 

EE-.  Z-rr 

ricrir  rir 
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and  a  "conservatively  biased"  estimate  of  llic  >ian(lar<l  dcvialioii  of  a  row 
given  by, 


for  Ur  »  I. 

The  "Signal  to  Xoise  Ratio"  for  a  row,  which  may  be  iix-d  as  a  incaNuic  of  nm 
Jidencef  in  the  significance  of  the  value,  Jv  ,  is  defined  us, 

iS/N)r  =  (iV/S)r'  =  ^  for     »  1. 

Si,  Sxr 

A  weighted  root -mean-square  value  of  the  (.SVA')/s  is  given  by, 

All  boundary  dejining  steps  which  cxplicillij  or  iniplicith/  ajfnt  the  Icrcl  of  con- 
fidence by  setting  a  limit  of  acceptable  error  or  acceptable  Signal  to  Xoise  Ratio  will 
be  marked  with  an  asterisk  (*).  The  level  of  confidence  considered  acceptable  is 
clearly  arbitrary  and  may  be  modified  from  the  values  >uggested  Ix'low  to  either 
decrease  or  increase  the  overall  confidence  that  may  be  j)laced  in  the  "prediction" 

t  If,  for  (-ach  niw.  the  inaKnit  udcs  of  arc  iii(l<'itcii(i('iil  random  varialiics,  then  from 
Tchehyshet^'s  iiuHiuality  (42).  it  can  l)c  ca>iiy  >liowii  tliat  the  j)rolialiility  llial  tlic  iimitinn 
value  of  Xr  (the  value  of  Xr  for  n,  =  ^.  }  will  dilTcr  from  x,  \>y  h'ss  than  t  >  0.  (wlicrc  x,  ± 
e  is  the  confidence  interval)  is 

I'r   >    1    -  l-\ 

wlicrc  I  =  (e'.?.  i  '.S".V)r  ,  (e/xr)  is  the  maximum  tolcraltic  " I' niiliouni  Errnr"  and  (.SV-V^r 
is  the  Si;;n;il  tn  \  ii~c  Ratio  as  defined  above. 

ll.  1(11  (■:!(  h  H'w  .  the  magnitudes  of  Xrc  in  addition  liavc  .-i  imimoda!  normal  density  dis- 
trii)Ution  over  the  columns,  then  from  tfie  Central  Limit  Thcort-m  (42).  for  large  Uc  , 


which  is  the  area  under  the  nornud  density  curve  of  mean  0  and  standard  deviation  1.  for 
the  confidciM  (■  interval.  J,  ±  t.  For  /  =  1.9(i.  F,  =  0.95;  /  =  2.58,  /■•,  =  0.99;  and  I  =  3.30. 
=  O.d'.i'.i   I  i  ui  -iiiaii  n,  ,  t  will  he  distributed  approximately  according  to  "Student's" 

(iistriliutiuii  ,4;;i., 

If  llie  cli-tril)iiti(iii  is  actually  null  t  iii^odal .  the  ])robability.  F,  .  will  generally  be  even 
lainei-  It  will  a!w:i\-  lie  larger  for  multimodal  distributions  in  which  the  component  uni- 
moilal  (li-triiiulinii-  arc  (il  Peanson  type  II  (30)  which  includes  the  nornial  density  (orClaus- 
siaii)  (iistnlinticiii  and  the  uniform  (or  "rectangular")  distribution  as  the  two  opposite  ex- 

A-  cm  l.c  -ceil  from  this  brief  discussion,  the  Fractional  Error,  which  is  a  measure  of  the 
:onjnhnrr  iiihnul  ithat  is  independent  of  scale),  together  with  the  Signal  to  Soiae  Ratio 
(which  is  also  independent  of  scale),  are  especiallv  convenient  measures  of  the  confidence 
level,  Pc  . 
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of  the  Taxonomy  Renerated.  The  greater  the  confidence  re(,uired  and/or  the 
smaller  the  accefjtahle  error,  the  fireater  the  pn.ce^sitisr  (IcImv  and  the  higher  the 
cost. 

Ci  uilt  Iiisl,  uclinns  for  Writing  an  J mpntrid  Taxonomij  Program 
\)  Sample  values  of  x^r  and  an  identification  code  word  for  each  sample  are 
entered  into  an  active  memorv'  .secjuentially,  and  running  accounts  of     ,       'Vr , 

and  X  '  r,  '  are  kept  to  compute  (S~S)r.  When  iTTS),  luis  increased  to  a  value 

of  l,(Mi()*,  an  artificial  average  sample  consisting  of  the  .r/s  is  recorded  and  the 
population  is  subdivided  :is  follows: 

2)  l-]ach  entrv',  Xrr  ,  i?*  normalized  by  a  factor  /,  ,,  =  f  XrXc ,  and  the  freciuen- 
CH's,  f{k-,rJ-rc),  ,  of  fx-currence  of  each  normalized  magnitude,  l,\rXrc ,  (in  128  uni- 
form* .')'■;*  inter\'als)  in  each  row  are  tabulated  in  a  :i.')8,400*  bit  memory  and 
each  normalized  value  is  i-eweightini  by  multiplying  by  the  factor 

^   —    logo  ./"(  A  rr-rr.  )  r  

1  -  /(f^-rrJ-rr)  r  log.  /  ( / 

"r 

giving  krrjrrJTrr  ■  (jrr  is  t  lic  Self  -  i  iifomia  t  ioii  {•22}  for  a  particular  entry  divided  l)y 
the  average  s<'lf-inf«)rmation  |X'r  entr>'.) 

'.i)  'I'he  Tanimolo  distancj's,  i.e.,  the  negative  logarithms  to  the  base  2  of  the 
Similarity  (\M-fiicient,  between  a  reweighted  artificial  average  sample  composed 
of  altribuH's  e(|ual  tnxjr ,  (where 7,  =  jrr  for  krcfrr  =  Sr  in  row;),  and  all  other 
normalized  and  n-wj-ighted  samples  are  computed;  the  freciuencies  of  Tanimoto 
distances,  in  intervals  of  0.01  units*  are  computed;  and  a  histogram  is  "plotted." 

The  "largest  jx-ak"  is  located  in  the  following  nuimier: 

The  modal  fre(|uency  of  the  distribution  is  located.  The  two  closest  minima  on 
e.ich  side  of  the  iucmIc  with  magnitudes  less  than  's*  of  the  value  of  the  modal 
jM-ak  are  located  (fjoints  .1  and  .t').  The  ne.xt  points  towards  the  modal  peak  with 
magnitudes  r</)/n/  to  '  •>*  of  the  value  of  the  modal  p<\ik  are  located  (points  li  and 
li').  Then  the  next  points  towards  the  modal  peak  with  magnitudes  equal  to  -^4* 
(»f  the  valu<*  of  the  modal  |K'ak  are  also  located  (points  ('  and  (").  Twice*  the  dis- 
tance along  the  abscissa  Ix-tween  points  H  and  ('  (on  the  side  nearest  the  origin) 
and  between  li'  and  ("  (on  the  side  away  from  the  origin)  is  subtracted  in  the 
case  of         and  added  in  the  ca.se  of  to  the  values  of  the  abscis.sa  at  B  and 

H'  resiM'Cl  ively  to  locate  new  points  on  the  abscissa  (points  I)  and  I)').  The  bound- 
aries of  the  ix-ak  jjojjulat ion  are  set  by  either*  the  locations  of  the  minima  {A 
and  .1')  or*  the  points  I)  and  l)\  whichever  arc  further  along  the  ab.scis.sa  from 
the  modal  peak.  (In  this  particular  procedure,  D  and  D'  are  the  intersections  with 
the  abscis.sa  of  the  lines  drawn  through  points  li  and  (',  and  B'  and  ("  respec- 
tively. If  the  distribution  function  of  the  marginal  portions  of  this  modal  peak 
were  (laussian,  less  than  4.')';  of  the  "true"  members  of  that  group  would  lie 
beyond  I)  and  /)'.  If  the  peak  were  perfectly  (laussian,  .1  and  D,  and  A'  and  D' 
respectively  would  almost  superimpos(>,  and  would  be  located  (|uite  clo.se  to  the 
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2cT  points  on  the  (listrihulioii  curve.)  The  total  luiniber  of  samples  included  within 
the  hountlaries  (total  area  under  the  curve  between  the  boundaries)  is  recorded. 

The  ne.xt  larjicsi  \  alu('  ot  tVcciueney  Diilside  of  the  last  defined  interval  is  located 
and  the  entire  pioccss  is  iteiatcd  4*  limes.  The  group  with  the  largest  mmiber  of 
members  is  chosen  as  the  "largest  peak."  In  the  event  that  two  or  more  "ecjual" 
peaks  satisfy  these  criteria,  the  close.st*  to  the  origin  is  arhit raiily  chosen  as  the 
"largest"  peak. 

4)  A  "typical"  .sample  with  Tanimoto  distance  from  ihc  rcweighted  artificial 
average  .sample  equal  to  the  distance  to  the  peak  value  of  the  "largest"  peak  h 
selected  as  a  candidate  for  Archetype  of  the  liranch,  and  the  Tanimoto  distance 
between  it  and  all  other  normalized  and  reweighted  samples  are  computed  and  the 
procedure  in  3)  is  reiterated  until  the  distance  between  the  most  current  candi- 
date for  Archetype  and  the  "largest "  peak  drops  to  le.ss  than  0.01  *  Tanimoto  units 
(corresponding  to  a  Similarity  Coefficient  greater  than  0.94).  j 

o)  The  boundary  of  the  "largest"  peak  is  located  and  as  many  other  minima  j 
(rather  than  4*  other — as  specified  in  3  above)  are  located  as  is  neces.sary  until  ! 
the  cumulative  population  included  imder  the  distribution  cui-\'e  out  to  the  j 
most  currently  located  minimum  is  e(iual  to  or  greater  than  9.')';*  of  the  popu-  j 
lation  of  the  histogram.  All  samples  between  the  origin  and  the  boundary  (a.s  j 
defined  in  3)  associated  with  the  "most  significant  mininmm" — i.e.,  that  mini- 
mum .such  that  the  distance  between  D'  on  the  origin  side  of  a  minimum  and 
D  on  the  .side  away  from  the  origin,  divided  by  the  mmiber  of  samples  under  the  , 
distribution  curve  between  tho.se  two  points  is  maximal — are  entered  into  a  dif-  j 
ferent  .section  of  active  memory  as  provisional  members  of  the  First  .Main  Hranch 
population,  and  the  above  most  current  candidate  is  elected  Archetype  of  the 
First  Main  Rranch.  The  Correlation  Coefficient  between  all  the  normalized  and 
reweighted  provisional  members  of  this  Branch  at  Tanimoto  distances  from  the  | 
noinialized  and  leweighted  Archetype  greater  than  0.7")*  imits,  are  computed 
and  all  -aniples  yielding  values  le.ss  than  +0.10*  are  excluded  from  membership 
in  Ihc  Fiisl  .Main  Hranch.  All  .samples  at  Tanimoto  distances  e(|ual  to  or  greater 
than  1*  unit  from  the  .\rchetype  and  le.ss  than  1*  unit  from  the  boundary  as 
well  as  all  excluded  in  the  last  operation  are  entered  into  a  different  section  of 
an  aciivc  nicniory  as  members  of  the  First  Main  Residue  Branch.  The  number 
of  mciulx     in  the  Main  Branch  and  the  Residue  Branch  at  the  time  of  division 
arc  compared  and  the  Jiranch  with  the  largest  membership  is  given  the  binary 
code  name,  1,  and  the  other  the  code  name,  0.  In  the  event  that  two  or  more 
•c(iual"  minima  .sati.sfy  the  above  criteria,  the  one  which  mo.st  nearly  divides  j 
the  population  into  ecjual  branches  1  and  0  is  chosen  as  the  "most  .significant 
minimum." 

The  procedures  3),  4),  and  .'>)  are  iterated  for  each  of  the  above  Branches  (and  i 
a!iy  created  by  this  instruction)  until  no  further  subdivision  by  the.se  rules  (i.e., 
with  the  same  .set  of  .f/s  andjrr's)  is  pos.sible.  All  .such  branches,  though  constitut- 
ing diffciviit  levels  on  the  dichotomous  tree,  define  the  "First  Taxonomic  Level."  | 

6)  Knici  ihc  next  "new  .sample"  into  the  active  memory  of  the  Trunk,  re-  j 
computing  (N  \),  . 
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a)  If  {S  \)r  is  now  less  than  999*,  continue  to  add  "new  .samples"  until 
iS  .V)r  is  ecjual  to  or  greater  than  1,000*  and  record  a  new  artificial  average  sam- 
ple and  repeat  steps  2)  through  .")). 

h)  If  the  (N  A')r  remains  etjual  to  or  greater  than  1,000*  after  the  addition  of 
ihc  "new  sample",  reiiwre  the  "oldest"  sample  from  the  active  memory  of  the 
Tiinik.  Keep  a  record  of  Ht  =  n,  plus  the  number  of  samples  removed  since  the 
most  recent)  subdivision. 

Compute  the  Tanimoto  distance  between  the  normalized  and  reweighted 
I  ir>t  .Main  Branch  Archetype  and  the  new  sample  also  normalized  and  reweighted 
with  the  .same  .set  of  x/s  and  appropriate  jrr's  as  used  to  normalize  and  reweight 
the  Archetype.  Assign  such  new  sample  to  the  First  Branch  and  or  First  Residue 
l^iaiich  on  the  basis  of  in.structions  defining  membership  in  .")),  and  add  the  new 
-  iinple  to  the  appropriate  active  memory  or  memories.  Iterate  with  the  appropri- 
it'  sub  Branch(es)  to  which  such  sample  is  a.ssigned  at  the  First  Taxonomic 
/.•  (I  in  the  order  of  descending  fre(|uency  of  membership  in  the  respective 
P>i, niches. 

(•)  Kacli  time  Ht  increases  by  an  increment  ecpial  to  /(,*,  compute  the  Tani- 
iiioK)  distance  between  the  aitilicial  average  sample  consisting  of  the  .iv's  for  the 
ciincnt  contents  of  the  active  memory  and  the  last  recorded  artificial  .sample  from 

"I  (ia)  (but  not  (ic)),  and  if  the  distance  is  greater  than  0.01*  units,  then  re- 
steps  2)  through  (i). 

7  Carry  running  accoiuits  of  subpopulation  parameters  as  in  1)  and  (>)  and 
i>  iirrate  the  instructions  1)  through  7),  now  applied  to  the  terminal  subpopula- 
ti<Mi>  of  a  Ta.xonomic  Level.  The  binary  code  word  for  the  larger  of  the  two  First 
.^iil)  Branches  of  I  will  be  11,  and  the  smaller,  10,  and  for  the  larger  of  the  two 
I  II -I  Sub-Branches  of  lirauch  0  will  be  01,  and  the  smaller,  00,  etc.  Each  time  a 
i(  normalization  and  reweighting  results  in  the  resolution  of  additional  sub- 
iir:tiiches  in  previously  unsubdividable  Branches,  a  new  Taxonomic  Level  is 
'.ii  IK  rated.  (The  Ta.xonomic  Levels  may  be  designated,  for  example,  by  indicating 
Mm  code  for  members  of  the  First  Ta.xonomic  Level  in  upper  case,  the  Second  in 
lower  ca.se,  the  Third  in  upper  ca.se,  etc.,  to  provide  this  information  by  direct 
iii-pcction,  however,  for  the  purposes  of  efficient  processing  of  data,  the  added 
(  (iiliiig  device  is  redundant  and  may  be  ignored.) 

I'OIM  I, A  ri(>\    STATI.STICS   AM)  THE   KI{(;OI)IC  ASSl  Al I'TION 

In  designing  the  iii>l  met  ions  for  constructing  the  first  and  less  efficient 
t.ixonomic  classification,  the  assumption  was  made  (implicitly)  that  con.secutive 

111  pies  would  be  picked  at  random  from  the  parent  population,  and  that  the 
istics  of  the  population  would  be  stable  (i.e.,  that  the  probabilities  of  sampling 
I  lie  (lifTerenl  kinds  of  patterns  fronj  the  population  were  fi.xed  for  all  time,  thus 
(Iclining  an  ergodic  ( 10)  source). 

If  the  sampling  process  were  not  random  (i.e.,  knowing  the  statistics  of  the 
-oiiice,  and  having  collected  one  additional  sample,  we  would  be  in  a  better  po.si- 
iion  to  predict  to  which  Branch  the  next  sample  would  belong  than  we  were  be- 
loK  the  .sample  was  collected),  then  the  structiu'e  of  that  taxonomy,  which  de- 
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pt'iids  upon  tilt'  relativf  I'lvtiucncics  of  occuiTciicc  of  the  dilTcrciil  i)a1ti>nis,  might 
be  a  i)oor  icprosentatiou  of  the  popuhitioii. 

The  e\i>teiice  of  both  long-term  evolutionary  processes  as  well  as  short-term 
environmental  changes  guarantees  that  variations  in  our  sampling  caimot,  even 
in  principle,  be  random  for  all  time  and  that  the  statistics  of  the  population  of 
all  human  serum  protein  pattei'ns  must  change  with  time.  We  nuist  Iherefoi'e  be 
in  a  position  to  detect  changes  in  the  sampling  process  and  changes  in  the  popula- 
tion statistics  and  have  practical  means  of  modifying  the  Taxonomy  in  a  way  thai 
follows  such  changes  as  occur  in  oi'der  to  maintain  the  usefulness  of  ^ueh  ;i 
classification. 

The  {S/X)r  and  the  intermittent  checks  on  the  similarity  of  artificial  average 
samples  provide  sensitive  indicators  of  changes  in  .sampling  statistics  and/or 
population  stati-stics.  With  a  stable  source  and  random  sampling,  the  fr's, 
Branch  frequencies,  (^S  .V)r's,  and  artificial  average  samples  would  all  remain 
fixed  and  the  updating  subdivide  instructions  in  (ia)  and  (ic)  would  never  be  ac- 
tivated. With  an  unstable  source,  only  small  (.S/.V)r's  can  be  used  if  any  short- 
teriH  regularities  in  the  source  statistics  are  even  to  be  recognized. 

IXFORMATIOX  THEOKV  AM)  TAXOXO.MIC  PATTEHX   UE(  0(iXITIOX 

An  examination  of  this  problem  from  the  point  of  view  of  Information  Tlieoiy 
will  be  especially  useful.  If  the  population  statistics  are  stable  and  each  pattern 
is  sampled  independently  of  all  others,  each  pattern  is  .said  to  be  ndisrrete  message, 
and  the  parent  population  of  samples  is  said  to  be  a  discrete  message  source. 

The  First  Binary  Coding  Theorem  of  Shamion  ( 10,  22)  states  that,  given  a  dis- 
crete message  source  which  generates  information  at  an  average  rate  of  R  bits 
per  message,  and  given  any  5,  it  is  possible  to  arrange  secjuences  of  binary  sym- 
bols to  represent  sequences  of  messages  in  such  a  way  that,  on  the  average,  less 
than  R  5  output  binary  .symbols  aie  re(|uired  to  represent  the  average  input 
message  from  the  .source,  but  this  is  achieved  only  at  the  expense  of  a  coding  delay 
which  increases  as  5  approaches  0.  It  is  not  possible  tf)  find  a  complete  representa- 
tion of  the  source  using  fewer  than  an  average  of  R  out|)ut  })inary  syml)ols  per 
message. 

If  all  resolved  values  (in  our  ca.-<e  128j  of  all  attributes  (in  this  case  400)  appear 
in  the  message  .source  and  all  are  "significant"  then  the  mes.>iage  source  would 
contain  2"^°*"  kinds  of  messages.  If  all  po.-^sible  messages  occurred  with  equal 
frecjuency  (an  ''equal  likelihood  .><ource"),  then  the  maxinnun  value  that  R 
could  take  for  any  such  mes.-<age  .source  would  e(|ual  2800  bits.  If  the  different 
magnitudes  of  the  attributes  occur  with  unequal  fretiuencies,  R  <  2,800  bits. 

If  all  mes.sages  are  sampled  at  random  (i.e.,  if  the  parent  population  is  a  dis- 
crete message  source),  and  if  in  addition,  the  words  of  the  mes.sages  (the  attri- 
butes or  rows)  within  a  message  are  independent  of  one  another,  then  the  average 
self  information  per  message, 

^  =   Z  Z   -  fa-rcXrc)r\0g2f(krcXrc)r, 
1  1 
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would  be  equal  to  R  for  large  ■  However,  the  definition  of  "message"  implies 
that  words  within  a  message  are  not  independent  and  that  the  "meaning"  or  dis- 
tinguishing characteristics  of  the  message  resides  in  these  correlations.  Therefore, 
while  /?  will  be  less  than  2,800  bits,  it  will  usually  be  greater  than  the  real  value  of 
R  because  at  least  some  of  the  words  (attributes)  of  each  kind  of  message  (pat- 
tern) will  show  some  statistical  dependence  on  one  another,  and  the  averaging 
over  rows  in  computing  /?  leaves  out  th'-  weighting  necessary  to  correct  for  this 
dependence. 

The  "mutual  information,"  I„  (10,  22),  a  measure  of  the  complex  interrelation- 
ships (joint  probabilities)  among  occurrences  of  words  of  messages,  in  principle 
provides  the  re(iuired  measure  for  correcting  the  value  of  R.  A  measure  of  the 
information  associated  with  the  joint  occurrence  of  two  words,  a  and  b  in  their 
respective  places  in  a  mes.sage,  where  the  joint  occurrence  is  designated  a,  b  is 
la.h  =  —  log. /(a,/;)  and  /„>  =  /„  +  h  —  /„,„,,, .  The  latter  etiuation  defines  the 
mutual  information,  /m..,, ,  between  two  words,  which  is  e(iual  to  zero  if  the  oc- 
currences of  the  two  words  in  their  respective  places  in  the  mes.sage  are  uncor- 
related;  is  positive  if  the  joint  occurrence  is  more  frecjuent  than  predicted  in  the 
uncorrelated  case;  and  is  negative  if  the  joint  occmrence  is  less  freciueni  than  pre- 
dicted ill  the  uncorrelated  case. 

Therefore,  the  correct  value  of  R  would  only  be  obtained  fioni  /?  by  the  sub- 
traction of  the  average  nnitual  information  jx'r  message  (patten.)  associated  wiih 
the  joint  occurrence  of  all  j)airs,  triplets,  (juadruplets,  etc.  of  words  in  their  re- 
spective positions  in  the  population  of  mes.sages.  To  calculate  this  average  of 
the  mutual  information  in  a  din-cl  way  would  reiiuire  very  large  numbers  of  com- 
putations and  an  enormous  memory  to  store  all  the  joint  probabilities. 

When  some  prior  knowledge  about  the  "structure"  of  the  source  leads  one  to 
believe  that  only  the  correlations  between  pairs  of  words  (or  some  other  few  com- 
binations) are  likely  to  be  significant,  the  task  is  somewhat  simpler.  If  some  simple 
function  can  be  shown  to  permit  an  approximation  of  the  average  mutual  in- 
formation between  paii-s  of  rows  of  such  a  source,  a  fairly  accurate  measure  of  R 
may  be  computed  without  nuich  difficulty.  (Such  a  techni(|ue  will  be  discussed 
further  on.) 

In  examining  a  new  iiil'onuat ion  >()urcc,  such  prior  knowledge  will  not  be  avail- 
able, and  the  problem  of  both  estimating  the  value  of  R  and  developing  the  "ideal 
code"  for  such  a  source  hav(>  aj)peared  to  remain  beyond  present  capabilities. 
The  taxonomic  apprf)ach  here  presented  would  appear  to  change  this  situation. 

shannon's  first  iunahv  codinc;  theoke.m,  an  efficiknt  code  and 

THE  "semantic  PHOBLE.m" 

\\  lieicas  the  line  value  of  R  cannot  be  computed  directly  from  the  raw  data, 
tlic  fi('(|uen(y  ot  ni(  inbership  in  a  Branch  Tip,  (Ht,  2Z  "tJ,  multiplied  by  the 

negative  logarithm  to  the  base  two  of  the  freciuency  of  membership  in  that 
Branch  Tip,  summed  over  all  Branch  Tips,  converges  to  R,  as  «,  approaches  in- 
finity, if  the  Branch  Tipsare  "natural"  subgroups.  .\s  a  result  of  the  structure  of 
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this  kind  of  taxonomy  and  as  a  result  of  the  simple  instructions  for  coding  its 
branches,  it  can  be  easily  shown  that  the  average  length  of  the  code  words  for 
Branch  Tips  (averaged  on  the  basis  of  frequency  of  Branch  Tip  membership) 
also  approaches  R,  the  more  nearly  equal  are  the  subdivisions  at  each  Branching 
I'oint.  Therefore  such  a  taxonomic  procedure  is  an  explicit  schema  for  the  "con- 
struction" of  a  useful  model  of  the  two  "black  boxes"  constituting  the  hypo- 
thetical '"ideal"  coder  and  decoder,  the  existence  of  which  are  predicted  by 
Shannon's  First  Binary  Coding  Theorem.  (These  "black  boxes"  are  also  vital 
parts  of  the  larger  "black  box"  represented  by  a  Tiu-ing  machine  (3).)  In  addi- 
tion, the  same  sets  of  operations  both  "discover"  or  recognize  the  messages  as 
well  as  "name"  or  code  them  in  an  efficient  taxonomic  code  book  or  "dictionary." 
This  taxonomic  procedure  provides  unambiguous  (or  almost  unambiguous)  oper- 
ational definitions  which  specify  the  meanings  of  the  class  membership  designated 
by  the  code  name.  Since  the  semantic  problem  of  Information  Theorj'  is  "con- 
cerned with  the  identit}',  or  satisfactorily  close  approximation,  in  the  interpreta- 
tion of  meaning  by  the  receiver,  (of  a  me.ssage)  as  compared  with  the  intended 
meaning  of  the  .sender"  (Weaver,  10),  such  a  taxonomic  procedure  also  provides  a 
solution  to  this  semantic  problem  by  generating  a  dictionary  of  operational  defini- 
tions. 

If  our  taxonomic  procedure  generated  a  symmetrical  dichotomous  tree  with 
thirty  levels  of  branching  and  equal  numbers  of  samples  in  each  terminal  branch 
(Branch  Tip),  there  would  be  a  total  of  2-'"  Branch  Tips  (i.e.,  kinds  of  mes.sages) 
on  such  a  tree,  and  H  would  ecjual  30  bits  per  message.  The  code  words  generated 
by  steps  o)  and  7)  would  be  made  up  of  30  binaiy  symbols  (binit.s)  per  pattern 
type.  This  would,  in  fact,  be  a  perfect  Shannon-Fano  Code  (44,  22).  It  is  inter- 
e.sting  to  note  that  whether  the  tree  were  symmetrical  or  unsymmetrical  (i.e., 
different  lumibers  of  branching  levels  on  the  way  up  to  different  Branch  Tips) 
and  independently  of  the  naturalness  of  the  Taxonomy,  this  code  will  coinciden- 
tally  always  sat i.sfy  the  so-called  prefix  condition,  (i.e.,  no  code  word  for  a  Branch 
Tip  would  constitute  a  prefix  for  any  longer  code  word  for  another  Branch  Tip), 
and  therefore  .continous  sequences  of  such  code  words  can  be  decoded  unam- 
biguously. Therefore  there  would  be  no  need  for  punctuation  code  .symbols  be- 
tween me.s.sages  (which  necessarily  lower  the  efficiency  of  a  code).  Thus  we  see 
that  even  the  imperfect  Shannon-Fano  Code  automatically  generated  by  this 
taxonomic  procedure  has  a  lumiber  of  the  desirable  properties  of  one  of  the 
"best  possible"  codes,  (e.g.,  a  Huffman  Code  4o,  22),  which  sati.sfy  the  Shannon 
Binary  Coding  Theorem.  In  this  ca.se,  the  code  is  generated  directly,  rather  than 
retrospectively,  as  in  the  cla.ssical  Huffman  Coding  procedure.  If,  after  resolving 
the  Branch  Tips  of  such  a  Taxonomic  Tree,  we  find  that  the  variance  of  the 
information  per  Branch  Tip  is  high,  (i.e.,  the  average  number  of  symbols  per 
Branch  Tip  is  much  larger  than  R),  and  it  is  desired  to  provide  a  more  efficient 
cfxie,  the  Huffman  Code  for  such  a  mes.sage  source  can  then  be  generated  in  a 
straightforward  maimer.  It  should,  however,  be  noted  that  while  a  Taxonomic 
CVxle  is  a  significant  code,  a  Huffman  Code  is  a  nonsignificant  code  (.see  page  44(5) 
Such  a  Significant  Taxonomic  Code  has  the  ver\'  u.seful  prop<'rty  that  each  prefix 
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of  u  given  code  word,  l)eii;iiiiiing  with  the  longest  prefix  and  ending  witli  the  hi'st 
symbol  in  the  code  word,  provides  the  "name"  of  a  successively  moic  general 
parent  population  to  which  the  Branch  Tip  belongs.  In  situations  where  the 
capacity  of  a  "communication  channel"  is  smaller  than  the  I'ate  of  the  informa- 
tion source,  lopping  oPi  appropriate  lengths  at  the  ends  of  code  words  will  permit 
us  to  match  the  source  to  the  channel,  with  a  corresponding  but  necessaiy  loss  in 
"semantic  resolution",  but  without  chcmging  "(lict/nudrics.''  Hy  conipaiison,  each 
such  change  in  a  Huffman  Code  reciuires  the  generation  of  a  completely  new 
"dictionary".  A  Taxonomic  Code  will  therefore  be  more  convenient  and  useful 
than  a  Huffman  Code  and  will  require  a  siualler  overall  delai/  in  rectxling  and  de- 
coding when  "'semantic  resolution"  must  he  sacrijiced  to  the  Procrustean  bed  of 
channel  capacity.  If  the  measure  of  code  efficiency  includes  taking  the  variable 
delays  involved  in  recoding  into  account,  then  a  Significant  Taxonomic  Shannon- 
Fano  Code  or  similarly  derived  efficient  Taxonomic  Codes  can  permit  us  to  mini- 
mize recoding  delay.  l''r<)m  this  more  general  frame  of  i'ei'erenc(>  (i.e.,  taking 
variable  channel  capacity  into  account)  meaning  is  not  "...  iirelevant  to  the 
engineering  problem"  (10). 

DECREASE   I\   IXFGRMATIOX  AT  SUBDIVISICX  AS  A  MEASURE  OF 
".naturalness"  of  CLASSES 

At  each  .subdivision,  it  would  be  desirable  to  have  some  independent  check  as 
to  whether  the  separation  so  far  achieved,  considering  the  large  number  of 
"arbitrary"  boundary  conditions  (the  *  steps  in  the  instructions),  is  anywhere 
near  optimal.  That  is,  at  one  extreme,  the  subdivision  may  have  no  more  sig- 
nificance than  a  random  division  of  the  parent  population.  \{  the  other  extreme, 
the  subdivision  may  have  separated  two  "distinct  "natural"  classes  of  messages. 

In  the  first  case,  the  "true"  value  of  each  R  for  each  sub-Branch,  which  we 
shall  designate  Ri  and  R,,  respectively,  would  be  equal  to  the  unknown  R  for  the 
parent  population. 

In  the  second  case,  Ri  and  Ru  would  each  be  smaller  than  R  for  the  parent 
population,  and/?  —  ([«t,/?i,' («ri  +  «r„)]  +  [nT„Ro/(nT^  +  «r„)]),  the  difference 
between  the  information  content  of  the  parent  population  and  the  average  in- 
formation of  the  two  Branch  populations  (which  is  also  t he  average  decrease  in 
information  per  subdivision),  would  be  ecjual  to  one  bit  if  tin  =  Ut,,  ,  and  equal 
to  le.ss  than  one  bit  for  miecjual  frecjuency  distributions. 

//  the  subdivision  is  into  natural  subclasses,  and  if  Branches  I  and  0  are  con- 
sidered as  Branch  Tips,  /?,  and  /?o  would  each  ccjual  0,  and  R  would  equal 

([-«7-,/(«r,  +  "r,,)]  logo  [nr,/(«r,  +  «t„)]) 

+  ([-nrJinTi  +  UtJ]  log2  f/ir,,  '(«r,  +  'ir„)])- 

We  shall  designate  this  measure  as  Mr  .  In  this  special  case,  the  difference  be- 
tween the  information  content  of  the  parent  population  and  ilic  average  in- 
formation of  the  two  Branch  populations,  (see  above),  will  also  cniual  .1/,^  . 
For  a  given  population,  as  different  boundary  conditions,  (*),  are  tested,  this 
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valiu'  of  the  docroa.'^e  in  iiifonnatioii  per  subdivision,  calculated  from  the  fre- 
quency of  nionihership  in  the  sub-l^ranches,  can  be  compared  to 

(where  the  A"s  are  calculated  as  on  paf>e  470)  and  the  difference,  J/,,  —  M ^  ,  can 
be  used  as  a  figure  of  merit.  The  boundary  conditions,  (*),  which  give  the  smallest 
difference  would,  in  principle,  be  the  "best"  and  least  arbitrary.  Even  when 
R  >  R,  Ri  >  Ri  ,  and  /?„  >  Ru ,  Mr  —  Mr  should  still  approach  0  because  mo.st 
of  the  redundancy  in  the  /?'s  (already  discussed  on  page  471)  is  removed  in  com- 
puting a  diflference  such  as  Mr  .  Only  in  so  far  as  the  statistical  fluctuations 
(noise)  in  the  R's  are  large  in  comparison  to  the  magnitude  of  Mr  ,  will  it  be  a 
poor  measure.  Therefore,  in  the  limit,  in  the  case  of  "natural"  subdivision,  as 
Hr,  +  Mm  becomes  very  large,  Mr  —  Mr  =  0. 

Using  this  figure  of  merit  to  provide  negative  feed-back,  the  "efficiency"  of  the 
subdivision  process  can  be  continuously  monitored,  and  "reasonable"  boundary 
conditions  which  minimize  this  mejisure  can  be  discovered  at  the  very  earliest 
stages  of  the  construction  of  the  Taxonomy. 

This  general  approach  is  most  closely  related  to  Tanimoto's  use  of  his  entropy 
(Information)  measure  for  locating  boundaries  between  groups  (see  Rogers  and 
Tanimoto  (32),  and  also  H.  V.  Smith  (46)). 

l.\FORM.\TIOX  SP.\('E,  THE  IXFOKMATIOX  TKEE  AXI)  COXVERGEXCE 

Among  the  many  possible  spaces  one  may  consider  for  the  purposes  of  taxo- 
nomic  classification,  there  is  one  which  has  ideal  properties.  We  call  this  ideal 
space  Infoniiation  Space.  The  distance  between  two  messages  (columns),  i  and,/, 
in  Information  Space,  Di,,  ,  we  call  Information  Distance  (/),.>  =  /)/.,). 

Suppose  that  a  dichotomous  taxonomy  of  "natural"  classes  has  been  generated 
in  some  unspecified  way  using  /),  y  as  ova-  measure  of  .similarity,  and  that  the 
values  of  the  /f's  computed  from  Branch  freciuencies  are  the  "true"  values,  (i.e., 
XIr  =  Mr).  Wc  then  define      ,  as  follows: 

/),,,  =        +  /.^.  -  2T,.,.r, 

where  Tc.r,  =  — log2  nr^  nr,  and  where  F  is  the  code  for  the  first  branching 
point  backwards  towards  the  Trunk  which  is  common  to  the  sub-Branches  u\ 
and  w]  (to  which  i  and./  respectively  belong),  and  /r,  =  —  loga  n,n/nT  ,  and 
Ir,  =  -log2  n^i/nr  . 

D, J  is  therefore  twice  the  diffeicnce  between  an  "average  self-infoiinat ion  of  a 
pair  of  messages"  and  Tc,  .  cj  (which  is  similar  to  a  mutual  infoiniat ion  in  tiiat 
it  corrects  this  "average  information"  by  a  measure  of  "taxononiic  correlation"  ). 
For  messages  for  which  the  branching  point,  /•',  is  the  .Main  Trunk,  7V,  .  = 
—  logi.  rJr  Or  =  0. 

Con.sider  columns  a  and  I)  which  are  both  members  of  "natural"  Branch  1 
(\.e.,  F  =  I)  and  a  is  a  member  of  "natural",  "noiseless"  Branch  Tip  11  (i.e., 
«1  =  11)  and  ^,  f)f  "natural",  "iioiseless"  Branch  Tip  10  (i.e.,  w\  =  10)  respec- 
tively. 
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whore  rir^  =  nr^i  +  >irui  :iik1  /,„  =  — log2  fiTt,/'>r  and  =  — log2  nT^^/nr  , 
therefore, 

D„.b  =   -[lo<^2  'i7-n/(''r„  +  /(r,„)]  -  [\o^o  Ht^  J  (rir  II  +  Air,o)]. 

We  define  distance  between  1  and  11  (hetw(>eii  ;i  l^ranch  and  its  sub-Branch) 
in  Information  Space  in  this  case  as 

/>„,„6  =    />>11,1     =    J)l.n    =     -l0g2  ''7-1, /("  7-11   +  "7-1,)) 

and 

Db,ab  =  Dio.i    =  A. 10  =  -log2  /tri„/(/iTu  +  «rio), 

so  that 

D,.,,  =  Ai.io  =  />>ii.i  +  /)io,i  . 

Generahzing,  D,,j  will  be  the  sum  of  the  distances  from  branching  point  to 
branching  point,  measured  over  the  shortest  path  following  the  branches  of  the 
tree  from  the  Branch  Tip  of  i  to  that  of /'. 

Such  a  binary  Information  Tree  may  llms  be  const nicled  "to  scale"  where  the 
segments  from  branching  point  to  brandling  point  are  of  length  1).  .n  ,  ■  i  and 
width,  yiT..xJf^T  I  etc. 

Because  we  do  not  know  how  to  compute  Information  Distance  until  after  the 
Taxonomic  Tree  has  been  gcncraled,  we  must  use  other  distances,  such  as 
Tanimoto  distance  and  Conclal ion  distance  between  I'eweighted  samples,  as 
approximations  to  Information  Distance. 

From  this  frame  of  reference,  .1//,  is  the  average  Information  Distance  of  a 
Branch  from  its  sub-Branches,  and  tlieiefore  our  figure  of  merit,  —  Mr  may 
be  interpreted  as  a  measure  of  how  closely  we  have  approximated  Information 
Space,  and  can  also  be  .^hown  to  be  a  reasonable  basis  for  establishing  conver- 
gence to  a  "most  natural"  classification,  (see  page  -i'A')). 

SOME  SPECIAL  DEVICES  FOR  SPECIAL  PROBLEMS 

The  following  procedure  should  increase  the  confidence  that  can  be  placed  in 
the  significance  of  such  a  figure  of  merit  for  this  special  case  of  elect rophoretic 
patterns  of  .serum  proteins.  The  principle  can  be  extended  to  cover  sources  con- 
taining considerably  higher  orders  of  complexity  of  joint  probabilities  among 
words,  perhaps  even  the  words  in  I'jiglish  sentences. 

There  are  a  few  known  properties  of  the  information  source  consist ing  of  the 
disc  electrophoresis  patterns  of  human  serum  proteins  which  arc  especially  rele- 
vant at  this  point : 

1)  Protein  discs  have  finite  widths,  usually  of  approximately  Gaussian  "cross- 
section"  and  greater  than  1  400  of  the  total  pattern;  therefore  adjacent  rows  in  a 
pattern  will  be  highly  coirelalcd  and  provide  considerable  redundancy. 

2)  In  some  genetic  systems— for  example,  the  case  of  the  haptoglobin  allelic 
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^enes  1,  and  2 — two  genotypes,  2-1,  and  2-2  produce  sets  of  different  proteins. 
If  one  of  a  set  is  present,  all  are  generally  present  (47),  again  providing  added 
redundancy  iis  in  1). 

3)  In  some  genetic  systems,  again  using  the  case  of  the  haptoglobin  allelic 
genes  1  and  2,  each  of  tlie  three  possible  common  genotypes,  1-1,  2-1,  and  2-2, 
produce  entirely  different  serum  proteins;  therefore  if  the  proteins  of  one  type 
are  present  (a  particular  set  of  rows  is  occupied)  the  others  must  be  absent  (an- 
other particidar  set  of  rows  will  be — to  a  first  approximation — imoccupied)  and 
the  full  set  of  rows  occupied  by  the  haptoglobins  are  therefore  completely  re- 
dundant, that  is,  given  the  fact  that  one  of  the  set  of  proteins  is  present  in  a 
pattern,  the  presence  or  absence  of  all  the  other  members  of  the  set  is  determined. 

4)  Linked  genes,  in  cases  where  the  linkage  has  been  evolutionarily  stabilized 
(for  example,  by  a  chromosome  inversion)  will  produce  sets  of  proteins  such  that 
when  one  is  present,  the  other.s  will  also  regularly  be  present,  and  when  one  is 
absent,  the  others  will  be  absent,  thus  providiiig  another  source  of  redundancy. 

0)  In  most  cases,  (e.g.,  genes  like  the  Tran.sferrin  gene)  individual  alleles  re- 
sult in  the  production  of  single  proteins,  and  a  heterozygous  individual  produces 
both  proteins.  Xo  more  than  two  proteins  of  an  allelic  scries  can  normally  be 
present  in  any  one  individiuil.  This  results  in  a  more  complex  kind  of  redundancy 
which  will  only  add  appreciably  to  R  if  more  than  two  alleles  of  a  gene  occur  with 
high  frequenc3\ 

())  Certain  pairs  of  i)roteins  (e.g.,  hemoglobin  and  the  haptoglobins,  and  a 
post -albumin  and  some  pre-albumins,  form  compl(>x(>s  under  conditions  which 
depend  on  the  concentration  of  the.se  proteins  in  the  serum.  Thus,  when  both  are 
present,  the  complex  may  or  may  not  be  present  in  addition  to,  or  instead  of,  the 
individual  proteins.  The  presence  of  such  complexing  phenomena  also  increases 
tlie  redinidancy  of  R. 

1)  ,  2),  and  3)  are  responsible  for  the  major  part  of  the  redundancy  from  row 
to  row.  Clearly,  if  only  their  effects  on  /?  can  be  reduced  or  eliminated,  M n  will 
be  a  very  much  more  .sensitive  measiu'e  of  the  efficiency  of  subdivision. 

Consider  the  magnitude  of  the  Correlation  Coefficient  between  two  rows.  I'or 
a  pertinent  pair  of  rows  in  cases  1),  2),  3),  or  4),  the  value  will  be  very  clo.se  to 
1  or  —1.  Since  I„,h  =  h  +  fh  —  Im„,,,,  if  the  average  self-information  per  word 
for  a  particular  row  is, 

h,     =     i:    -    )U-rrXrr)r    Iog2   /(/.•  ...r .,)     ,    thcU    /„,  ^  ^         %   \  Cr...r,  \    (L^     +  /J/2, 

where  ('r^.r,,  i"^  the  Correlation  Coefficient  between  rows  o  and      and  therefore, 

L.,^  [E  I  Cr,.r,  I  (/.,  +  /.,)/2]/[l    +    Z  I  Cr.r,  |] 

and 

^  -    Z  IE    I  ('r..r,  I    (/..   +   /.,)/2]/[l    +    Z    I  ('r,.r^  |]    =  R'. 

Thi-  computal  ion  will  remove  the  bulk  of  the  redundancy  in  (his  kind  of 


COMPUTER  LKARXINt;  AND  TUK  SCIENTIFIC  METHOD 


477 


message  source.  It  also  incideulally  provides  tlie  means  foi-  discovering  allelic 
series  of  genes  of  llie  type  described  in  2)  and  3)  and  for  discovering  stable  linkage 
groups  as  in  4).  A  "three-way"  correlation  coefficient  would  permit  the  discovery 
of  normal  allelic  series  such  as  o)  and  proteins  involved  in  complexing  phenomena 
such  as  ()),  and  would  provide  a  means  for  computing  a  value  still  closer  than  /? 
to  the  true  value  of  li.  Further  exploration  of  such  correlal ion  measures  (48,  40, 
")0,  51)  as  means  for  computing  higher  orders  of  mutual  informal  ion  would  seem 
to  hold  some  promise  for  the  broader  application  of  such  laxonomic  piogiams. 
For  clues  to  ways  of  equating,  by  an  appropi-iate  transformation,  a  measuic  like 
the  Correlation  Coefficient,  which  is  an  estimate  of  the  extent  of  linearity  of  the 
relationship  between  the  magnitudes  of  the  dimensions  of  sets  of  data,  to  an 
estimate  of  information  content  like  the  nuitual  information,  see  Linfoot  (52) 
and  Kolmogorov  (58). 

IXFORMATIOX  THEORETICAL  COXCLrSIOXS 

To  summarize  the  significance  of  this  Information  Theoretical  interpretation: 

a)  The  "naturalness"  and  efhciency  of  the  taxonomy  gcnei-ated  by  this  tech- 
nique, using  any  approximation  to  Information  Distance  as  a  measinc  of  sim- 
ilarity, can  be  measured  by  means  of  M h  —  Mr  and  maximized  from  the  very 
outset  of  the  subdivision  process. 

b)  A  Taxonomy  generated  in  a  mamiei-  similar  to  that  outlined  provides  a 
means  for  processing  raw  data  in  a  way  thai  icsults  automatically  both  in  the 
"discovery"  and  characterization  of  the  different  kinds  of  messages  from  the 
message  .source  and  appears  to  condense  the  information  contained  therein  into 
a  form  approaching  the  limit  set  by  theory,  thereby  maximizing  the  potential 
rate  and  accuracy  with  which  such  information  can  be  transmitted  and  used. 
In  this  way,  the  problem  of  meaning,  i.e.,  the  "semantic  problem,"  is  also  solved. 

c)  In  so  far  as  the  .sampling  process  departs  from  random  .sampling  of  a  stable 
source,  the  frequencies  which  ultimately  determine  the  structure  of  the  binary 
code  of  the  Branch  Tips  will  change,  the  average  information  per  message  will 
change,  and  the  proper  set  of  normalizing  "constants",  the  .f/s,  will  change.  If 
the  original  subdivision  and  coding  are  not  altered  in  the  light  of  such  change, 
the  value  of  8  will  increase  and  the  code  will  become  less  and  less  efhcient.  From 
this  frame  of  reference,  arbitrary  magnitudes  of  loss  of  efficiency,  beyond  which 
los.s  of  confidence  requires  that  the  rules  for  resubdivision  and  recoding  be  acti- 
vated, prevent  our  exceeding  a  maximum  acceptable  loss  in  efficiency.  Such 
confidence  levels  are  set  by  instructions  (ki)  and  6c). 

d)  In  so  far  as  the  source  itself  changes  its  statistics,  the  "naturalness"  of 
Branches  may  change,  re(|uiring  "pruning"  of  some  Branches  and  the  growth  and 
further  branching  of  others.  The  continuous  updating  of  the  Ti'ee  by  addition  of 
new  samples  as  prescribed  in  the  instructions  provides  for  the  necessary  growth. 
Redivi.sion  and  recoding  based  on  updated  fre(}uencies  and  .r/s  take  care  of 
pruning  and  also  are  provided  for  by  instructions  (ia)  and  Oc).  Thus  cues  and 
mechanisms  for  "reeducation  of  the  computer"  are  built  into  this  scheme. 

For  all  message  soiu-ces  other  then  absolutely  stable  ones,  maximum  effi- 
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cieiicy  will  only  bo  approached  in  proportion  to  the  stability  (in  time)  of  the 
source  and  sampling  procedure.  In  the  limit,  for  a  source  which  is  (or  seems  to 
be)  continuously,  rapidly  and  randomhj  changing  its  statistics,  "education"  is 
hoixMess  and  little  useful  analysis  of  samples  (messages)  from  such  a  source  is 
possible. 

IXDUCTIOX,  HYPOTHESLS,  THEOKV  AND  LAW  OF  XATURE 

At  this  point,  I  would  hope  that  the  reader  has  developed  some  confidence  in 
some  of  the  potentials  of  this  relatively  objective  pattern  recognition  scheme. 
But  the  development  of  a  special  purpose  technique  which  looks  at  simple  one- 
dimensional  objects  may  seem  to  fall  far  short  of  my  promi.se  to  deal  with  the 
"broad  potentials  for  machine  learning  via  automated  inductive  processes"  .since 
these  should  at  least  include  mechanisms  for  discovering  "causal"  relatioaships, 
scientific  theories  and  laws.  In  the  following  .sections,  I  will  try  to  indicate  that 
the  solutions  offered  by  this  primitive  model  also  promise  to  help  us  to  unravel 
most  of  these  problems.  I  will  try  to  reformulate  pertinent  familiar  concepts 
within  operational  frames  of  reference  which  place  a  minimum  niunber  of  con- 
straints, derived  from  their  more  cla,ssical  formulations,  on  their  structures. 
Such  definitions  may  initiallj'  appear  quite  luifamiliar  and  perhaps  even  in  con- 
flict with  ordinary  usage,  but  I  believe  sober  reflection  will  usually  result  in  pro- 
visional acceptance. 

We  will  begin  by  a.sking,  "What  connection  does  the  discovery  of  cla.s.ses  of 
protein  patterns  have  with  the  generation  of  hypotheses?"  (See  41,  p.  8). 

There  is  a  set  of  proces.ses  closelj'  associated  with  inductive  inference;  first, 
speculation,  or  in  its  more  dignified  form,  formulation  of  an  hj^pothesis;  .second, 
establishment  of  an  hypothesis  or  operational  definition;  third,  establishment  of 
a  theory,  and  finallj%  of  a  Law  of  Nature,  all  of  which  will  be  defined  below: 

a)  In  its  most  primiti\-e  and  fundamental  form,  formulation  of  a  simple  hj'poth- 
esis  refjuires  the  selection  of  a  .set  of  objects,  events  or  attributes  from  a  larger 
population.  These  objects  are  then  arranged  into  a  class  or  cla.sses,  each  of  which 
is  usually  assumed  (explicitly  or  implicitly)  to  contain  other  as  yet  unob.sei'ved 
members  very  "similar"  to  the  members  of  the  finite  sample.  As  an  article  of 
faith*  in  the  frecjuency  doctrine,  (the  metaphysical  foundation  of  all  inductive 
proces.ses  which  htis  so  far  usually  permitted  useful  rea.soning  from  "the  part  to 
the  whole"  and  from  the  past  to  the  future),  the  probability  that  the  sample  is 
representative  of  the  larger  parent  population  is  a.ssumed  to  approach  1,  the 
larger  the  sample  and  the  more  nearly  random  are  any  variations  in  the  sampling 
techni(|ue.  (A  description  of  the  sampling  technique  itself  provides  the  opera- 
tional definition  and  boundaiies  of  that  part  of  the  universe  which  is  called  the 
larger,  "parent  population,"  (i.e.,  a  description  of  what  corresponds  to  tlie 
"begiiuiing"  and  "end"  of  a  me.s,<age),  and  therefore  defines  the  message  .source. 
Were  all  possible  boundaries  in  the  universe  obsei-ved,  and  were  the  sampling 
techniques  completely  random,  then  the  parent  population  woiild  bo  the  class  of 

*  This  i.s  a  iiece.ssary  concession  (54  .  55)  to  David  Hume's  famous  criticiue  of  inductive 
inference  and  is  at  the  heart  of  all  so-called  heuri.stic  approaches. 
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all  classes. *)  It  is  tluMi  jiuesscd  that  the  ()l)j(>c'ts  beloiifriiifj;  to  such  a  class  can 
be  "proven"  to  be  related  toeachotiier  l\v  objeclix-e  (but  ultimately  iniprecis(>) 
comparison  of  their  attributes.  (For  conflict in<>;  points  of  view,  see  for  example 
8,  r)8,  59.) 

b)  Observation  of  tlK>  attributes  of  a  new  sample  of  members  di-awu  fiom  the 
larger  population,  tot>;(>lher  with  some  estimation  of  the  confidence  with  which 
this  observation  appears  lo  confirm  the  guess,  (ofleii  in  the  form  of  what  we  call 
an  experiment),  constitutes  a  test  of  a  simple  hyi)othesis.  ('I'he  test  of  a.  more 
complex  hypothesis  may  involve  drawing  the  new  sample  from  a  still  different 
but  "related"  population.)  If  the  magnitude  of  confidence  exceeds  some  arbitiar- 
ily  agreed  upon  level,  we  usually  say  that  the  liy])othesis  has  been  "confii-med." 
The  combination  of  a)  plus  "conlirnial ion"  by  l)j  is  (Hiuivalent  to  the  tentative 
establishment  of  an  operational  definition. 

c)  We  usually  dignify  an  hypothesis  or  an  operational  definition  which  con- 
cerns a  very  comprehensive  class  of  objects,  events  or  attributes  by  calling  it 
a  theory. 

d)  A  Law  is  a  theory  which  appears  to  have  been  established  with  a  great 
degree  of  confidence,  t 

From  this  point  of  view,  the  generalized  method — or  methods,  for  the  genera- 
tion of  operational  dehnitions  could  include  the  methods  for  the  generation  of 
hypotheses,  theoi'ies  and  Laws  of  Nature. 

Let  us  therefore  examine  the  operatiotial  definition  more  closely. 

OPERATIOXAL  UEFIXITIOXS  A XI)  DISCOVERY 

-  An  operational  definition  is  usually  a  list  of  the  attributes  common  to  indi- 
viduals of  a  class  which  is  designated  by  a  common  symbol  or  name.  These  at- 
tributes must  be  able  to  be  obserxcd  or  conceived  by  means  of  prescribed  physi- 
cal or  logical  operations  within  the  limits  of  precision  set  by  these  operational 

*  As  pointed  out  l)y  Winner  (oil),  science  "aims  oniy  at  ttie  ciiscoverv  of  ttie  faws  of  na- 
ture, that  is  tlie  regiilarilii  s  of  events.  .  .  .  We  tiave  ceased  to  expect  .  .  .  an  e\)>lanation  of 
all  events  .  .  ."  (itaiics  ininei.  and  it  ai)pears  tlnit  it  is  ttie  "arhit  la  "  re-t  rict  ion  of  our 
field  of  view  or  attention  to  soinetliinn  ies>  coin])reiiensive  tiiaii  tlie  class  of  all  clas>es  that 
malve.s  it  possible  to  learn  an\  thin^  at  all .  ( )ur  linuted  experit-nce  of  t  he  class  of  all  clas>es  is 
through  what  must  he  a  non-random  -ample  since  the  acciunulat  ion  of  even  ttie  very  begin- 
nings of  a  "representative"  sample  of  ////.--■  <'lass  must  take  an  infinite  amount  of  time. 

R.  J.  Solomonoff  (57  i  has  al-o  addr(->cd  liimself  to  the  general  problem  of  prediction. 
He  seeks  solutions  by  searching  for  code-  which  i)ar-c  a  continuous  string  of  symbols,  repre- 
senting the  total  of  p.-i-l  experience,  in  a  "most  cllicicnt  wa.\  ".  Were  an  ellicieiit  techni(iue 
developed  for  implementing  his  procedure,  it  might  then  be  i)ossible  to  define  all  the  bound- 
aries of  "messages"  at  all  levels,  i.e.,  elementar\  symbols,  "words,"  "sentences,"  "para- 
graphs," "chapters."  "liooks"  and  "areas  of  knowledge"  in  an  unambiguous  way.  His 
model  may  therefore  pro\-ide  a  frame  of  reference  for  defining  wh.at  ndglit  reasonably  be 
meant  by  Wigner  -  ■icgiil.i  nt  le-  dl  events."  This  ])roblem.  when  looked  at  from  the  i)ersi)ec- 
tiveof  pattern  recognit  ion,  t  iirii>  out  to  be  the  general  problem  of  defining  "corresjjondence" 
(see  page  447 ) . 

t  "Laws  of  Nature"  as  used  here  include  relationships  such  as  the  Conservation  Laws 
as  well  as  relationships  among  such  relationships,  e.g.,  the  geometrical  and  dynamical 
"Invariance  Principles"  (of)). 
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techni(Hios  and  or  by  tlio  limits  sel  by  the  lofjical  structure  of  our  concepts  (e.g., 
by  the  Heisenberg  "rncertainty  Principle"  (r)4),  Ciodel's  "incompleteness  proof," 
etc.  (00)).  In  so  far  as  some  attributes  may  also  be  shared  by  niembers  of  other 
classes,  an  explicit  hierarchy  of  attributes,  in  order  of  significance,  is  usually  part 
of  a  definition.  Likewise,  the  hierarchical  relationship  of  the  defined  class  to  iiny 
more  comprehensive  class  or  classes  is  either  stated  or  implied  in  a  definition. 

An  operational  definition  of  a  class  of  physical  entities  can  be  generated  in  two 
ways — each  of  which  has  a  special  relation.ship  to  common  experience: 

The  fir.st  is  clo.sely  related  to  the  classical  idea  of  the  scientific  method.  It 
relies,  in  part,  on  previously  accumulated  knowledge  of  the  universe.  It  may  be 
identified  as  a  "sharpening"  of  description  or  definition.  It  involves  a  class  with 
known  members  which  has  already  been  informally  described  on  the  basis  of 
subjective  or  vague  criteria — and  has  been  previou.sly  named.  Further  observa- 
tion of  additional  members  is  reciuired  to  determine  the  measure  of  confidence 
that  can  be  placed  in  the  definition. 

The  second  method  for  generating  an  operational  definition  can  be  most  easily 
identified  with  the  process  of  "di.scoverv."  It  recjuires  no  previous  "experience" 
of  the  particular  class  to  be  defined.  A  "sorting"  operation  which  discovers  the 
cla.ss  provides  the  information  equivalent  to  designation  of  the  named  class  and 
sample  of  known  members  called  for  in  the  first  method,  and,  at  the  same  time, 
may  provide  some  explicit  measure  of  confidence.  In  both  cases,  observation  of 
the  attributes  of  the  members  of  a  sample  provide  the  "description" — in  one 
cai<e,  usually  as  a  hierarchical  list  of  attributes — in  the  other,  for  example,  as  the 
maximum  allowable  spread  in  magnitude  of  some  measure  of  similarity  to  some 
"typical"  member  of  the  class,  (i.e.,  the  operational  specification  of  a  decision 
boundary). 

My  reasons  for  focusing  on  tlic  differences  between  these  two  methods  of  gen- 
erating operational  definitions  is  related  to  some  apparent  misunderstandings 
about  what  constitutes  a  valid  .scientific  test. 

For  the  scientific  investigator,  with  hi.s  limited  lumian  ability  to  translate 
mental  images  or  "visions"  into  words,  the  "subjective  reality"  of  certain  mental 
images  inspires  (rightly  or  wrongly)  a  level  of  confidence  which  is  not  directly 
and  unambiguously  connnunicable  to  others.  He  searches  for  a  tentative  com- 
municable operational  word  picture  or  description  of  this  image.  This  is  his 
hypothesis.  The  external  test  of  the  hypothesis  is  designed  to  provide  a  basis  for 
an  imambiguous  measure  of  confidence  in  this  description  in  the  minds  of  others, 
(as  well  as  to  increase  his  own  confidence). 

Because  of  the  difficulty  in  communicating  detailed  mental  images  without 
error,  it  has  been  the  classical  "anti  ad  hoc  argument"  that  "one  cannot  lest  an 
hypothesis  with  the  identical  set  of  data  which  was  used  to  originally  suggest 
it."  This  position  can  be  supported  as  follows:  In  the  case  of  a  faulty  hypothesis, 
the  commis.sion  of  identical  errors  of  omi.s.sion  or  translation  is  likely  to  instill, 
in  the  external  observers,  the  same  false  confidence  in  the  hypothesis  as  inspired 
its  originator.  In  addition,  it  will  usually  retjuire  considerably  more  verbal  or 
numerical  data  than  is  extractahle  from  the  original  data  sel  alone  to  provide  a 
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comniiuiieablo  level  of  confidence  comparable  to  the  subjective  one  (tor  example, 
in  identifying  Air.  X,  see  page  441  ;  i.e.,  "one  piclui'e  is  woiili  a  thousand  words"). 

This  classical  constraint  might  lead  one  (o  fals(>ly  conclude  I  hat  the  same  set 
of  data  cannot  be  used  both  foi'  discovery  and  for  "testing"  an  operational  defini- 
tion of  a  cla.ss  by  an  objective  sorting  procedure.  But  the  cru.x  of  the  pr()l)lem  of 
"establishing"  operational  definitions  by  eithei'  the  classical  oi-  the  sorting  routes, 
is  the  explicit  determination  of  an  objective,  unambiguous  and  connuunicable 
measure  of  confidence  in  the  deHnilion.  \\'hen  a  sorting  j)rocedure  sinnilt aneously 
provides  a  completely  objective  measure  of  conlidcMice  from  the  same  set  of  chita 
that  permitted  the  discovery  of  the  cla.ss,  then  the  classical  taboo  of  the  scien- 
tific method  will  not  apply. 

MEASURES  OF  CO.XFIDE.XCE,  TESTS  OF  HYPOTHESES  AND  EXPERIMENTS 

Most  tests  of  hypotheses  are  designed  to  increase  the  level  of  confidence  in  the 
description  of  the  cla.ss  which  is  defined  by  the  hypothe.sis,  and  the  simplest  "test" 
involves  nothing  more  than  repeated  observations  of  the  kind  which  provided 
those  original  data  which  led  to  the  discovery  of  the  class.  Such  "tests"  generally 
result  in  an  increase  in  confidence  at  a  rate  which  is  a  function  of  the  sciuare  root 
of  the  nimiber  of  class  members  ob.served  (see  footnote,  page  466). 

An  initially  low  communicable  le\a4.of  confidence  in  an  hypothesis  stems  from 
either  one  or  both  of  the  following: 

a)  Observation  has  so  far  produced  so  few  members  that  the  (S/N)  is  also  very 
I  .small  and  therefore  the  confidence  in  the  description  (e.g.,  the  .f/s  and  decision 
I     boundary),  even  within  a  broad  confidence  interval,  is  very  low. 

b)  Even  though  the  ninnber  of  members  belonging  to  the  class  which  is  de- 
fined by  the  hypothesis  is  moderate,  the  standard  deviation  of  the  magnitudes  of 
the  attributes  of  the  members  is  so  large  that  the  (S/N)  is  still  (juite  small. 

If  the  random  sampling  of  the  parent  population  has  resulted  in  only  a  small 
I  accumulation  of  samples  in  the  particular  class,  i,  even  after  a  great  deal  of  overall 
.sampling,  (i.e.,  very  large  Ht  ,  very  small  njn-i),  in  general,  to  increase  by 
some  factor,  /v ,  by  further  random  sampling  of  the  parent  population  will  require 
increasing  nj-  by  approximately  the  same  factor  A'.  This  is  clearly  a  slow  and  un- 
economical procedure  when  the  explicit  goal  is  an  increase  in  confidence  in  the 
particular  class,  i. 

( )n("  resorts  to  the  kind  of  test  called  an  experiment  in  order  to  increa.se  con- 
tidcnce  at  substantially  greater  rates. 

One  class  of  "experiment"  consists  in  applying  a  new  non-random  sampling 
techni(|ue  which  ideally  provides  an  increase  in  n,  at  an  expense  no  greater  than 
that  for  an  ecjual  increase  in  Ut  .  Such  experiments  may  differ  from  the  original 
random  sampling  of  the  parent  population  by  virtue  of  a  sharp  restriction  in  the 
"field  of  view"  of  the  environmental  transducers  (measuring  or  sensing  devices) 
to  a  more  limited  portion  of  the  parent  population  and  may  be  accomplished  by 
the  use  of  more  restricted  means  of  dehning  "corre.spondence  of  attributes" 
and/or  the  use  of  "more  selective"  kinds  of  tran.sducers  and/or  the  incorporation 
of  .special  normalizing  techniciues  as  part  of  the  transducer  instrumentation.  It 
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sliouUl  1)0  iiolod  thai  the  nu-chaiiisnis  of  a  taxoiiomic  pattern  rccofiiiition  tech- 
111(1110  (normalization,  rewoightiiig,  nioasuros  of  similarity  and  tochniqiios  for 
defining  decision  boundaries)  together  may  ho  interpreted  as  specifying  the  design 
of  a  highly  specific,  ordered  set  of  "sorteis,"  "sie\  (>s"  or  "filtcM-s"  for  efficiently 
separating  the  members  of  many  classes  from  the  mixture  that  is  the  parent  jwpu- 
latioii.  A  well  designed  experiment  may  I hcix'foie  l)e  inteipieted  as  involving 
taking  the  relationships  already  discoxci-ed  among  the  attribut(\s  of  the  observed 
members  of  the  class  and  •'relat(>d"  classes  as  well  as  the  statistics  of  such  classcvs 
as  bases  for  the  design  or  '■im-enl ion"  of  a  Kpccitil  puipn^a  lillci\  \\\\\\  such  a  fil- 
ter, one  hopes  to  eflicieiuly  si(-\'c  new  membei's  of  tlu'  paiiicular  class  fi'oin  a 
portion  of  the  parciU  i)()pulal  ion    ideally  in  a  single^  "sweep." 

Another  kind  of  expeiinient  can  involve  an  allenipt  to  ol)ser\'('  the  ])aienl  pop- 
ulation or  its  members  at  a  higher  level  of  icsolulion,  and  or  onci  an  cxiianded 
range  of  magnitudes  of  the  ahxnidy  known  allril)ules,  and  or  with  I  he  exainina- 
tioii  of  "new"  additional  atliil)ules  not  included  in  the  oiiginal  observations  of 
the  parent  population,  and  or  with  new  normalizing  tcchniciues,  new  similarity 
measures  and  oi-  new  d(>cision  houndaiy  cril(>ria. 

The  first  class  of  experiuKMils  is  mainly  aimed  at  efficiently  accpiiring  a,  large 
increase  in  )i ,  .  In  so  fai'  a■^  lai-ge  standard  (lc\  ial  ions  (in  ca-^e  h)  stem  from  "ei'i-ors 
in  measurement"  i-ather  than  "true"  \-ariat  ions  in  llic  alli-il)ules  of  the  nienihers 
of  cUiss  /,  such  an  experiment  may  secondai  ily  also  lead  ra|)idly  to  a  high  (N  A^), 
and  a  high  level  of  confidence  if  the  special  puipose  filler  introduces  smaller 
errors  of  measurements. 

The  second  class  of  experiments  is  aini(>(l  directly  at  reducing  the  standard 
deviation  by  either  ivducing  the  weight  of  \  aiiation  among  the  magnitudes  of  the 
original  set  of  attributes  in  the  hope  thai  llic  new  set  is  both  characlcrisl  ic  of 
the  class  i  and  relatively  lioinogcncoiis,  and  oi'  by  reducing  the  weight  ol'  ci'iors 
of  mea-surement ,  and  or  by  reducing  l  lie  niagnil  ude  of  I  he  erioi's  of  mea,sui'ement . 

I  believe  that  analysis  of  all  kinds  of  sciciUilic  exjM'iinuMils  (with  the  exception 
of  one  remaining  class  to  be  discus.sed  a  little  fuiihcr  on)  can  be  reduced  to  either 
one  or  a  combination  of  the  two  classes  just  di.scussed.  Such  analy.s(>s  suggest  that 
experiments  can,  in  pi  inciple,  be  perfoimed  by  "aiming"  a  special  set  of  environ- 
mental transducers  (".<en.se  organs")  at  a  restricted  subset  of  the  class  of  all 
classes  and  subjecting  their  outputs  to  anal,y.sos  by  a  special  puipo.^^e  taxononiic 
pattern  recognition  program,  designed  on  the  basis  of  jiast  experience  with  the 
particular  subset  and  "iclated"  classes.  Experimental  routine's  are  theicfore 
reasonably  compatible  with  the  operations  of  a  geneial  puipose  taxononiic  pat- 
tern recognition  machine. 

(We  have  in  fact  proposed  to  test  the  diffuse  hypothesis.  "The  set  of  .soluble, 
circulating,  direct  tran.scriptions  of  the  genetic  code  that  are  the  serum  proteins, 
will  vary  in  kind  and  concentration  as  a  function  of  the  physiological  stales  of 
the  human  organism,"  with  an  experiment  that  consists  in  "aiming"  our  palleiii 
recognition  program  at  a  very  restricted  .sub.set  of  the  class  of  all  cla.sses.) 

The  ecoiKimy  gained  by  this  jirocess  of  narrowing  our  field  of  view  is  bought  at 
the  price  of  the  inl  loducl  ion  into  the  inductive  .scheme  of  a  .system  of  values 
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related  to  specific  intentions,  goals  or  "purpose"  (and  elevates  us  to  tlu^  Third 
level  of  Information  Theory  (10)).  To  choose  a  particular  class  that  we  consider 
warrants  the  special  attention  of  an  experiment  from  among  the  large  number 
of  classes  which  hiwv  already  been  "discovered"  (by,  for  example,  an  "unbiased" 
pattern  recognition  device  as  it  selects  samples  "at  random"  from  that  part  of 
the  universe  most  proximal  to  it),  imples  that  this  class  has  higher  intrinsic  value 
(for  example,  higher  adaptive  value)  than  ihoso  other  classes  which  have  failed 
to  receive  such  "privileged"  treatment. 

Therefore,  to  introduce  "experiment"  as  an  automatic  part  of  a  general  pur- 
pose inductive  taxonomic  program  will  require  providing  the  machine  with  an 
"acceptable"  set  of  operationally  defined  "goals"  or  "values."  This  can  provide 
a  general  puipose  taxonomic  pattern  recognition  machine  with  the  flexibility  to 
"specialize"  and  considerabh  increases  its  \-ersatility  and  utility  at  a  I'elatively 
early  stage  of  its  "education."  But  it  must  lie  kejit  loreniost  in  our  minds  that 
it  is  just  at  this  point  that  the  possil>ility  of  the  choice  of  "an  unfortunate"  .set 
of  values  could  pose  an  even  more  serious  threat  to  niankind  than,  for  example, 
the  choice  of  anti-.'^ocial  values  as  the  guiding  principles  for  a  "mere"  human. 

COXFIDEXCE  IX  HIGHLY /'STRUCTURED"  THEORIES 

One  important  aspect  of  the  scientific  method  which  has  .so  far  been  intention- 
ally neglected  in  this  treatment  concerns  what  might  be  considered  to  be  still 
another  kind  of  .scientific  hvpothesis  or  theory.  Such  an  liyj^otlu'sis  icpresents 
something  very  close  to  a  mathematical  theorem,  the  "form"  of  which  has  been 
perceived  by  the  investigator  and  has  been  ex])ressed  in  verbal  or  symbolic  form. 
The  "test"  of  such  an  hypothesis  often  depends  more  upon  the  logical  manipula- 
tion of  relations  in  which  we  may,  from  past  expericMice,  already  have  a  great  deal 
of  confidence,  (as  axioms  and  fundamental  propositions  are  manipulated  logically 
in  the  proof  of  a  theorem),  than  on  a  new  observational  test.  This  "mat  hematical" 
kind  of  hypothesis  building  and  testing  is  more  akin  to  cliess  playing  and  lan- 
guage manipulation.  It  constitutes  a  very  important  element  in  science  and  is 
the  area  where  the  application  of  the  computer  has  so  far  been  most  promising 
(41,  61).  To  summarize,  the  building  of  confidence  in  such  theories  or  hypotheses 
properly  relies  on  logical  deduction  from  "established  fact"  perhaps  even  more 
than  on  new  empirical  induction.  By  contrast,  beautifully  consistent,  logical 
castles  built  on  patently  weak  foundations  (i.e.,  we  have  low  confidence  in  the 
premises)  demand  independent  direct  verification  before  they  are  even  likely  to 
be  given  any  attention  by  a  knowledgeable  scientific  community.  Such  theoretical 
construction  plays  a  major  role  in  the  so-called  method  of  strong  inference  (58, 
62).  This  explains  the  third  function  of  experiment  in  the  advanced  sciences. 
Such  an  experiment  is  designed  to  provide  a  new  kind  of  observation  which  will 
provide  an  explicit  objective  measure  of  confidence  to  substitute  for  and  oi- 
supplement  logical  "confirmation."  (When  the  premises  have  been  only  weakly 
establi.-^hed,  a  successful  expeiiinent  can  also  provide  increased  confidence  in 
the  "axiomatic  elements".) 
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Because  weakly  supporled  hypotheses  are  by  far  tlie  more  numerous  in  our 
experience,  many  scientists  do  not  easily  recognize  that  there  is,  in  fact,  a  dis- 
tinction to  be  made  and  they  are  therefore  rcguhirly  more  "comfortable"  with 
those  hypotheses  which  are  directly  supported  with  empirical  as  opposed  to 
logical  tests  or  "confirmation."  This  is  better  understood  when  we  remember 
that  "logical  confirmation",  so  far,  usuallj'  depends  upon  a  less  explicit  and 
therefore  more  ambiguous  measure  of  confidence  ac(iuired  by  mental  manipula- 
tion of  the  joint  confidence  in  sets  of  earlier  obsen'ations  (e.g.,  tho.se  confirming 
Laws  of  Nature).  To  illustrate  my  point ;  1)  Although  Einstein  replaced  a  growing 
mountain  of  ad  hoc  and  often  contradictory  hypotheses  (03)  with  a  comparatively 
.simple  and  much  more  comprehensive  theoretical  structure,  many  initially  had 
little  confidence  in  his  Theorj^  of  Relativity  because  it  depended  upon  "deduc- 
tions from"  fundamental  invariance  principles  which  were  derived,  a.s  a  set  of 
"axioms,"  from  the  already  empirically  established  high  confidence  in  Newtonian 
mechanics,  Maxwellian  electrodynamics,  the  measured  "constancy"  of  the 
velocity  of  light  in  "vacuimi"  (independent  of  the  velocitj'  of  the  frame  of  refer- 
ence relative  to  other  frames  of  reference),  and  the  measured  "equivalence"  of 
inertial  and  gravitational  mass.  2)  Since  "confiniiation"  with  results  from  a 
computer  is  not  yet  available,  many  will  have  little  confidence  in  a  .substantial 
part  of  what  appears  in  this  manuscript  because  any  attempt  to  derive  a  com- 
fortable mea.sure  of  confidence  by  mental  manipulations  must  be  non-numerical 
and  vague.  This  is  necessarily  true  because  some  of  the  component  elements  must 
be  derived  from  a)  the  confidence  in  the  past  succes.ses  of  Information  Theoiy, 
b)  confidence  in  tho.-^e  more  remote  empirical  ba.ses  in  experience  with  the  tech- 
nology' of  communication  and  with  those  analy.ses  of  language  from  which 
Information  Theory  has  been  derived,  and  c)  from  the  non-numerical  personal 
confidence  of  the  individual  readers  in,  for  example,  the  relevance  of  his  own 
ob.servations  of  the  way  he  and  others  classify  and  process  data  lo  the  infant- 
taxonomist  analogy  of  my  introduction. 

Yet,  in  contra.st,  the  explicit  mmierical  levels  of  confidence  which  can  be  re- 
corded for  those  cla.ss  descriptions  which  may  be  provided  by  a  taxonomic  com- 
puter program  are,  in  principle,  amenable  to  (quantitative  manipulation  to  pro- 
duce net  measures  of  confidence  in  the  combined  obsei-valions.  For  (•xanii)lc, 
were  all  words  of  all  mesjsages  independent  of  one  another,  it  can  be  easily  shown 
that  the  weighted  root-niean-square  value  of  the  Signal  to  Noi.se  Ratio  for 
words  (rows),  i,S/N)r ,  (see  page  466),  provides  a  reasonable  (luantitative  basis 
for  a.scribing  an  unambigiious  measure  of  joint  confidence  in  the  overall  mean 
value  of  the  Xr.'s. 

Since  words  of  mes.sages  are  u.sually  correlated,  the  weight  of  the  individual 
values  of  the  (X/S)r,'s  must  be  reduced  by  some  measiue  of  the  average  nuitual 
information  per  word  (as  on  page  476),  in  order  to  correct  for  any  redundancy 
which  would  otherwise  lead  to  falsely  high  values  of  (.S  .V)r.  It  can  be  .shown 
that  a  more  accurate  value  of  (S/N)r  which  takes  sucli  icdundancy  into  accouni 
i.s, 
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Such  kinds  of  manipulations  can  provide  the  icquiivd  cxplicil  nicasuiT  of  joiiil 
confidence  in  multiple  observations  with  varvina;  individual  levels  of  confidence 
while  at  the  same  time  correclitisi  foi-  nHliiiidaiicy  ((14).  Such  nieasnres  could  sub- 
stitute for  the  at  present  more  anihiiiuous  measures  of  conlidencc"  which  nuist 
be  used  lo  judge  those  theoiies  which  are  operational  delinil  ions  of  compichen- 
sive  classes  (of  still  more  primitive  hut  well  characterized  classes)  that  have  not 
yet  been  independently  tested  by  appropriate  new  observations  (hy  experi- 
ments). Indeed,  such  derived  measures  will  often  provide  sufhcient  conhdence 
to  permit  the  useful  by-passinij;  of  nnich  {sometimes  all)  repealed  independent 
testing  by  new  kinds  of  e\])erinieii1s.  This  has  often  been  the  case  with  careful 
and  knowledgeable  engineerinti  design  from  principles  for  which  past  exp(>rience 
has  provided  a  great  deal  of  confidence.  Similarly,  some  physical  theories,  such 
as  the  Theory  of  Relativity,  are  grounded  on  an  even  more  extensive,  compre- 
hensive and  therefore  more  convincing,  observational  l)ase  and  have,  as  a  I'esull, 
required  relatively  few  new  observations  to  establish  them  (juite  firmly. 

This  position  contrasts  witli  a  rather  widely  and  I  believe  wrongly  held  view 
that,  "The  idea  of  determining  the  mnneiical  value  of  the  probability  of  scien- 
tific theories  se(>nis  iiicpfisterous"  (11.')),  l)ecause  as  I  have  suggested  above,  such 
measures  of  confidence  could  be  provided  l)Oth  from  direct  relevant  observation 
and/or  indirectly  through  estimation  of  the  joint  measure  of  confidence  in  those 
pertinent,  "more  primitive"  observations  which  are  to  serve  as  a  t)ase  for  those 
operational  definitions  which  function  as  the  fundamental  propositions  of  a 
"mathematical",  scientific  theory. 

]\Iy  efforts  on  tlies(>  pages  have  been  largely  directed  at  shoring  up  confidence 
in  the  promising  possibilities  of  machine  approaches  to  inductive  processes,  al- 
beit, mainly  by  the  use  of  what,  though  sketchy,  1  hope  will  be  foimd  to  be 
logically  consistent  arguments  (l(>duced  from  observationally  rooted  premises. 
In  the  process,  I  hope  I  have  incidentally  helped  lo  destroy  some  of  the  remaining 
apparent  magic  in  .science,  and  have  perhaps  provided  another  strand  of  under- 
standing for  a  bridge  between  the  "Two  Cultures"  ((U),  t)7). 


PATTEH.XS  OF  HKJHEH  DI.ME.VSIO.NALITY 

Given  the  raw  data  equivalent  to  the  experience  which  has  been  the  source  of 
previously  accumulated  knowledge,  an  appropriate  sorting  method  for  generat- 
ing operational  definitions  will,  in  principle,  generate  definitions  for  all  the  cla.sses 
which  have  been  generated  by  the  classical  scientific  metliod    but  with  a  much 
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more  coinprelieiisive  and  t'lean-cut  taxonomy.  To  repeat  all  analyses  of  the  past 
would  be  extremely  time  consuming,  but  when  faster  computers  become  avail- 
able, the  devotion  of  a  niunber  of  years  to  the  "education"  of  a  general  purpose 
computer  may  become  reasonable.  An  appropriate  .sorting  method  for  generat- 
ing operational  definitions  will  probably  be  found  to  be  closely  related  to  the 
newborn's  learning  process;  is  directly  related  to  Dr.  Tanimoto's  "Elementary 
^Mathematical  Theory  of  Classification  and  Prediction"  (31);  and  I  beheve  is,  in 
fact,  something  very  clo.se  to  the  procedure  which  I  have  outlined  for  the  dis- 
covery of  protein  pattern  clas.ses.  The  definitions  generated  by  such  a  procedure 
become  formally  eciuivalent  to  clas.sical  simple  definitions  if  one  uses  a  measure 
of  similarity  between  rows  of  attributes  for  each  class  (using  the  normalization 
and  reweighting  appropriate  to  the  next  most  general  Branch  population  from 
which  it  was  derived)  to  generate  each  appropriate  descriptive  hieraiciiical  li>t 
of  attributes. 

Each  serum  sample  provides  us  with  a  one-dimensional  pattern,  equivalent, 
for  example,  to  an  electrocardiogram,  to  an  absorption  .spectrum,  to  a  single  line 
in  the  raster  of  a  two-dimen.sional  television  image,  etc.  In  so  far  as  the  techni(nies 
outhned  are  of  a  fundamental  nature,  the  .same  approaches  should  be  fruitful  in 
the  recognition  of  two-dimensional  images — for  example,  pictorial  representa- 
tions such  as  microscopic  images  of  cells  (in  which  I  am  particularly  interested), 
alpha-numeric  .symbols  and  words  in  printed  and  written  texts,  phonograms,  etc. 

The  problems  involved  in  going  from  1  to  2  dimensional  patterns  raise  formi- 
dable, but  I  believe  solvable,  topological  complications,  (68,  69).  If  the  .solution  of 
the.se  is  achieved  at  a  level  which  keeps  the  jjroblem  of  correspondence  tractable 
(e.g.,  .see  70),  recognition  of  n  dimensional  patterns  looks  extremely  hopeful 

The  visual  and  auditory  pattern  recognition  apparatus  po.ssessed  by  most 
mammals  appears  to  permit  a  kind  of  recognition  and  discrimination  of,  for 
example,  face  and  voice  that  closeh'  matches  human  capabilities.  For  example, 
most  intelligent  dogs  can  recognize  a  large  lunnber  of  "friends"  by  sight  or  .sound 
(as  well  as  "smell").  The  evolution  of  this  complex  apparatus  (sense  organs  and 
nein-al  stinctures)  occurred  over  a  period  of  more  than  100  million  years.  It  ap- 
pears that  the  small  amount  of  mutational  innovation  and  evolutionary  re- 
modeling that  can  occur  in  about  a  million  additional  years  was  sufficient  to 
take  man  acro.ss  a  new  data  proce.s.sing  threshold.  This  gave  him  his  meager 
ability  to  translate  his  "high  resolution"  mental  images  into  sets  of  symbols 
for  .social  communication  that  are  somewhat  more  .sophisticated  than  tho.<e  of 
other  mannnals.  Vet  despite  its  very  primitive  stage  of  development,  this  ability 
to  translate  (page  422)  has  apparently  taken  him  most  of  the  additional  dis- 
tance he  has  come. 

For  some  people,  "thinking"  mainly  involves  mental  verbalization  of  both  a 
problem  and  its  detailed  solution,  but  for  at  least  a  few  of  our  most  creative 
thinkers  (e.g.,  see  (71),  pages  83-99  and  Einstein's  letter  in  Appendix  II),  most 
of  their  thinking  apparently  involves  mental  manipulation  of  non-verbal  pat- 
terns. One  wonders  whether  the  conmion  admonition  to  "think  things  out 
verbally,"  by  perhaps  confusing  the  translation  problem  with  the  "analytical" 
problem,  may  not  have  extensively  handicapped  the  formally  educated  popula- 
tion of  the  world  by  largely  restricting  the  l)Ounds  of  himian  imagination  to  the 
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iii(>lli('i{>m  and  low  I'l'solut ion  domain  of  dijiilal  symbol  maiiii)ulal ion  wliicli 
follows  the  "translation  step."  We  Ikivc  th(>  very  common  handicap  to  rapid  and 
coniprehonsive  reading  (i.e.,  at  1,000  to  2,000  words  per  minute  us  compared  to 
200  to  400  words  per  minute,  see  for  example  (72,  ]"))),  that  appears  to  stem  from 
such  poor  reading  habits  as  resorting  to  "sub-vocal"  "inner  speech"  (i.e.,  "say- 
ing words  of  the  text  to  oneself,  one  by  one")  as  a  striking  and  possibly  analogous 
case. 

Intuition  derived  from  a  backgi-ound  of  "biological  ex])eii(Mice"  suggests  that 
once  a  general  solution  to  the  pattern  recognition  problem  has  been  d('\cl<)i)ed, 
a  few  comparatively  simple  inn()\-al ions  in  the  detluct i\'('  l('clini(|ues  for  the 
machine  translation  of  natural  languages  (78,  74,  7"),  7())  should  permit  us  to 
rapidly  boot-strap  the  computer  far  past  man,  (however  see  some  of  the  reserva- 
tions of  both  Bar-Hillel  (77)  and  Selfridge  (<))).  Since  the  the  st iiict uic  of  the 
language  of  a  pattern  recognition  program  for  a  digital  conipulcr  will  be  explicit 
and  known,  in  contrast  to  the  case  with  the  "language"  of  the  gestall  (and  in 
contrast  to  the  case  with  the  "laiiguag(>"  of  a  jierce])!  ron  (78,  79,  7)),  we  antici- 
pate no  problems  related  to  a  "translation  barrier."  Therefore,  even  without 
deductive  innovations,  the  range  of  apjilication  of  a  safisfaetory  patlei-n  I'ecogni- 
tion  program  may  exceed  the  capacities  of  most  manunals  and  perhaps  even  man. 

TIME,  CAUSALITY  AXD  A  MECHAXICAL  ORACLE  OF  DELPHI 

Except  for  the  inferences  that  may  have  been  drawn  from  the  occasional  sug- 
gestion that  events  might  be  treated  as  patterns,  sucli  laxonomic  procedures 
may  seem  irrelevant  to  the  (li~c()\"(  i\-  or  generation  of  "causal"  hypotheses, 
theories  and  laws.  However,  if  an  cx-cnl  is  observed  as  (or  can  b(>  t I'ansformed  so 
as  to  correspond  to)  an  oi-dering  of  attributes  along  a  time  axis,  then  when  events 
are  compared  to  one  another,  those  which  are  found  to  be  very  sinnlar  will  often 
obey  the  same  "causal  laws."  The  occurrence  of  high  correlations  or  similaiity 
between  the  attributes  of  such  events  provides  infoiinat ion  e([uivalent  to  the 
usual  kinds  of  causal  statements  associated  with  pi'ocesses,  i.e.,  the  earlier  at- 
tributes are  either  the  "causes"  of  the  latei'  at  tribute's  and  or  both  earlier  and 
later  attributes  icsult  fiom  "common  causes,"  (e.g.,  the  "Law"  which  is  the  op- 
erational definition  of  the  cla.ss). 

In  particular,  if  useful  transformations  from  the  relativist ic  four-dimensional 
time-.space  continuuni  to  one  dimension  can  be  developed,  then  all  aspects  of 
causation -will,  in  principle,  be  amenable  to  such  taxonomic  pattei'n  analysis.  In 
the  meantime,  manj^  relatively  siiii])lc  ■one-dimensional"  processes  oi-  events 
(e.g.,  electrocardiograms)  will  be  anal.w.able  by  even  this  primitive  kind  of  model. 

Since  it  has  been  con\-incingly  argued  that  ii-diiuensional  pattern  recognition 
is  analogous,  if  not  homologous  to  what  we  generally  call  thinking  (8,  4,  ■')),  we 
may  be  clo.se  to  having  the  blueprints  for  a  mechanical  Oracle  of  Delphi. 

COXCLUSIOX 

It  would  appear  that  a  primitive  frame-work  for  a  process  wliicli  fulfills  most 
of  the  functions  of  the  "scientific  method"  can  probably  be  ])rogranuned  for 
digital  computers.  It  provides  the  mechani.sm  for  both  "discovery"  and  for  auto- 
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matic  generation  of  operational  definitions.  From  these,  the  symhohsm  which  is 
the  grist  of  the  "more  sophisticated  part"  of  the  scientific  mill  can  be  derived. 

Is  the  more  .sophisticated  aspect  of  the  .scientific  method,  the  generation  of 
hypothetical  models  followed  by  testing  these  models  by  further  select  observa- 
tion, really  different  in  kind  from  the  more  primitive  process? 

I  have  already  indicated  my  belief  that  it  is  not.  The  level  of  complexity  of  the 
attributes  of  "objects"  to  be  compared  may  be  greater,  but  the  added  .sophistica- 
tion comes  mainly  from  the  use  of  additional  and  more  complex  '"measures  of 
similarity"  and  or  more  complex  forms  of  normalization.  For  example,  the  Cor- 
relation Coefficient  permits  us  to  discover  the  existence  of  any  linear  relation- 
ships between  two  sets  of  data,  .r  and  ij,  such  that  //,  =  mx,  +  6  for  all  values  of 
m  and  h  except  m  =  0.  If  one  performs  the  non-linear  transformation  represented 
by  taking  the  logarithms  of  the  data  points,  then  the  Correlation  Coefficient, 
when  applied  to  such  transformed  (normalized)  data  will  detect  any  relationship 
between  the  two  .sets  of  data  such  that  //.  =  r.r,"  for  all  values  of  n  and  r  except 
n  or  c  ecjual  to  zero. 

If  one  con.siders  etjuations  to  which  data  are  usually  fit  in  ".scientific  models" 
(e.g.,  linear  and  non-linear  algebraic  and  differential  equations,  etc.),  .semi-metric 
measures  and  transformations  probably  exist  which  have  a  similar  relationship 
to  these  equations  as  the  Correlation  Coefficient  in  combination  with  a  logarith- 
mic transformation  has  to  simple  exponential  equations.  If  such  additional  sim- 
ilarity measures  and  transformations  were  added  to  this  type  of  pattern  recogni- 
tion program,  much  of  the  more  elegant  aspects  of  the  scientific  method  might, 
in  principle,  be  relegated  to  the  computer  (especially  if  .some  .sophisticated  heuris- 
tic can  be  developed  for  determining  which  data  points  in  one  .set  "correspond" 
to  the  data  points  in  another). 

Golomb  (80)  has  .stated  that  "it  is  scarcely  an  exaggeration  to  as.sert  thai 
classijication  is  the  most  fundamental  objective  in  mathematics,"  (italics  mine). 
It  would  therefore  .seem  rea.sonable  to  expect  that  efforts  of  socially  motivated 
mathematicians  might  be  ea.sily  and  profitably  turned  in  the.se  direction.s.  IMany 
of  the  voids  to  be  filled  .seem  to  be  directly  related  to  Topology,  (particularly 
Algebraic  Topology),  Set  Theory,  Croup  Theory  and  the  very  broad  areas  of 
Analyses. 

Let  u.s  suppose  that  the  ideal  .set  of  analytical  technicjues  had  already  been  pro- 
duced by  the  mathematicians,  and  that  we  were  convinced  that  such  techni(iues 
.should  be  applied  to  the  analysis  of  the  widest  po.ssible  range  of  problems.  What 
remaining  bottlenecks  can  we  envisage? 

Present  day  computer  technology  has  (for  good  reason)  been  mainly  com- 
mitted to  the  development  of  computers  that  handle  most  data  in  their  arithme-  | 
tic  sections  se(|uentially.  If  an  analytical  scheme  recjuires  the  computation  of 
10,000  similarity  coefficients,  the  lime  neces.sary  to  perform  such  computations 
must  be  approximately  10,000  times  the  lime  to  compute  one  similarity  coefficient 
because  the  t^ume  hardware  must  be  u.sed  sequentially  for  each  of  the  individual  I 
computations.  With  the  advent  of  "integrated  micrologic  circuitry"  which  oc- 
cupies much  less  volume,  consumes  much  le.ss  power  and  is  faster  and  potentially 
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more  reliable  than  existing  circuitry  (81,  82),  industry  is  bef>;inniiiu;  to  plan  for 
machines  which  have  considerable  parallel  capal)i]itics  (83).  However,  only  one 
serious  effort  seems  to  be  directed  towards  tlic  ultimate  construction  of  a  ma- 
chine with  anything  approaching  10,000  parallel  arithmetic  sections  (84).  Yet 
because  of  the  enormous  numbers  of  computations  ro(|uired  for  such  an  ana- 
lytical taxonomic  scheme,  such  machine  capabilities  plus  a  high-speed  memory 
100  or  more  times  the  capacity  of  the  IBM  7090,  would  probably  be  nuuidatory 
to  make  it  economically  feasible  to  use  a  taxonomic  program  for  the  solution  of 
the  widest  range  of  problems.  It  would  appear  that  the  remarkable  capabilities 
of  the  vertebrate  brain  (and  especially  the  human  brain),  in  spite  of  the  com- 
parativeh'  slow  speed  of  the  individual  "circuits," are  largely  atti  iliutablc  to  the 
enormous  numbers  of  "parallel  circuits"  at  all  levels  of  the  iici\()u>  system, 
(e.g.,  see  85,  86,  87,  88).  Given  .such  a  ciuantitative  change  in  computer  design, 
we  should  expect  as  striking  an  advance  in  data  processing  capabilities  as  in  the 
evolutionary  transition  from  protochoidatc  to  man.  Since,  in  contrast  to  the 
mutational  part  of  tlie  evolutionary  proct'ss,  ihe  technological  iimovation  would 
be  goal  oriented,  this  kind  of  data  processing  can  change  man's  way  of  life  at  a 
staggering  rate. 

Let  us  suppo.se  that  the  social  and  industrial  motivation  were  sufficient  to 
propel  us  rapidly  along  the  road  to  widespread  use  of  analytical  taxonomic  pro- 
grams on  large-scale,  parallel-circuit,  digital  computers  for  the  solution  of  the 
widest  range  of  human  problems.  \\\\\  we  humans  be  prepared  to  cope  with  the 
intellectual,  cultural  and  emotional  problems  that  are  likely  to  be  created  by  the 
most  severe  and  extensive  case  of  technological  luiemployment  we  have  ever  had 
to  face?  (89)  In  competition  with  the  machine,  most,  if  not  all  of  us,  may  be 
found  to  be  amateurs  even  at  that  scientific  game  of  chess  that  we  play  with 
nature — and  which  we  call  research  (G,  9,  90).  Many  of  the  problems  posed  by 
this  kind  of  question  may  demand  solutions  within  the  next  few  generations. 
Mewed  from  such  a  perspective,  from  among  the  most  knowledgeable  estimates 
of  the  formal  educational  needs  of  our  younger  generations,  (e.g.,  91,  92),  none 
comes  even  remotely  close  to  the  mark.  In  the  words  of  the  late  Xorbert  Wiener, 
father  of  Cybernetics,  who  was  troubled  by  similar  con.siderations,  "The  hour  is 
very  late,  and  the  choice  of  good  and  evil  knocks  at  our  door"  (9;^). 

SUMMARY 

The  purpo.se  of  this  paper  has  been  to  examine  some  aspects  of  the  general 
problem  of  learning  in  terms  of  pattern  recognition. 

In  our  approach,  we  start  with  a  detailed  "image"  of  each  pattern  of  the  .set, 
placing  a  minimum  number  of  arbitrary  constraints  on  the  limits  of  the  raw  data, 
(e.g.,  setting  only  a  maximum  level  of  resolution  and  the  outer  bounds  of  each 
image  field).  The  data  points  of  the  image  or  pattern  are  then  represented  as  the 
coordinates  of  each  pattern,  and  the  pattern  itself,  as  a  point  in  an  n-dimensional 
space  (hyper-space),  and  a  .semi-metric  measure  of  "similarity"  of  pattern  to  pat- 
tern is  used  to  define  a  distance  between  samples  and  characterizes  this  hyper- 
space  as  a  semi-metric  space  (rather  than  a  metric  space).  The  semi-metric  dis- 
tances between  patterns  are  examined  and  the  largest  "natural"  con.stellations 
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or  dusters  are  separated  from  one  another.  The  data  points  of  patterns  within 
eaeh  consteHation  arc  reweighted,  based  on  the  information  content  of  the  sub- 
population,  and  ai-e  further  divided  into  subgroups  by  the  same  techniques.  Tho.se 
boundary  conditions  which  must  be  arbitrarily  set  at  the  outset  can  be  .-systemat- 
ically varied  to  produce  the  maximum  decrease  in  information  at  each  subdivision. 
This  scn-es  as  the  device  for  converging  to  the  "most  natural"  subdivision  by 
mea><uring  how  closely  om-  semi-metric  space  approximates  a  defined,  ideal 
''Information  Space",  thus  removing  a  large  element  of  remaining  "arbitrariness" 
from  the  procedure.  In  this  way,  a  taxonomy  of  patterns  is  automatically  gener- 
ated. By  introducing  a  simple  binary  coding  device  which  assigns  O's  and  I's  to 
designate  the  smaller  and  larger  constellations  at  each  .-subdivision,  an  efficient 
Shannon-Fano  Code  (10,  22)  (in  terms  of  Shannon's  Binan,^  Coding  Theorem 
(10))  for  the  "description,"  "communication"  and  processing  of  such  patterns  is 
automatically  generated.  Such  a  taxonomic  procedure  both  "discovers"  cla.sses  of 
patterns  and  orders  them  in  a  "dictionary"  and  provides  the  means  of  efficiently 
recognizing  whether  any  new  sample  of  a  pattern  "belongs"  to  one  or  more  of 
these  already  discovered  cla'^ses.  It  thus  .-solves  the  "semantic  problem"  of  In- 
formation Theory  (10).  Mechanism'^  for  continuously  updating  the  proce.'^s  on 
the  ba.s;is  of  the  stati.-^tics  of  the  portion  of  the  population  of  patterns  already 
sampled  and  analyzed  are  explicitly  introduced  into  the  scheme. 

This  technique  departs  \\-idely  from  the  more  familiar  decision-space  model 
of  decision  theory,  (e.g.,  see  30,  94,  95,  90,  97,  98,  99,  100),  where,  at  the  outset, 
specific  "teleological"  con.-straints  are  n.^jually  placed  on  a  limited  synthetic  set  of 
pattern  parameters  which  it  is  hoped  will  allow  the  differentiation  and  recognition 
of  the  dififerent  kinds  of  known  patterns;  where  a  metric  decision-space  is  u.-sually 
carved  up  b\'  sets  of  "hyper-planes"  which  are  intuitively  and  computationally 
more  complex  and  usually  more  arbitrarily  distributed  than  our  decision  bound- 
aries; and  where  no  attempt  is  usually  made  to  structure  the  resulting  .set  of 
clas.'^s  in  an  efficient  "dictionary"  or  taxonomy. 

The  relation.ship  of  our  model  to  "learning"  and  to  the  "scientific  method"  is 
di.scussed.  The  area.s  of  mathematics  which  might  be  further  exploited  to  increase 
the  .-sophistication  and  generality  of  such  procedures  are  noted.  The  pertinence  of 
computer  design  to  the  efficient  and  widespread  application  of  such  a  cla.'<s  of 
techni(|ues  is  briefly  di.'scus.scd  and  a  change  in  direction  is  recommended  in  this 
connection.  Attention  is  finally  drawn  to  potential  social  consequences  of  the 
widespread  use  of  such  teehnir|ues. 

.\CK.\OWLEDGMENTS 

Tliis  work  is  dedicated  to  the  memory  of  Mount  Sinai's  Paul  Klemp<>rer.  As  a 
result  of  my  close  and  continuous  a.-ssociation  with  Dr.  Kleniperer  from  19.").')  until 
his  death  in  19(i4,  this  great  pathologist's  continuing  concern  with  the  explication 
of  the  historical  foundations  of  modern  concepts  of  medicine  and  science  (e.g., 
.see  101)  provided  inspiration  for  a  good  portion  of  this  inrjuirv. 

It  also  through  the  stimulus  provided  by  frequent  di.scu.s-sion  with  T.  T. 
Tanimoto  of  the  basic  ideas  in  his  "Elementary  Mathematical  Theory  of  Clas.si- 


CO.Ml'l  TER  LEAR.\IX(;  AM)  THE  SCIENTU  U'  METHOD 


491 


ficatioii  and  Prediction"  (i^l)  over  the  period  from  19.")7  to  H)()l  liiat  most  of  the 
viewpoints  presented  here  first  began  to  take  shape.  Both  Dr.  Taninioto  and  my 
colleagues,  B.  J.  Davis  and  S.  Diamond  have  persevered  as  constant  sounding 
boards  through  many  changes  in  direction,  and  have  provided  most  of  the  neces- 
sary negative  feedback  which  has  led  lo  lhi>  fairly  stable  and,  lioix-fully,  useful 
perspective. 

REFEREN'CES 

1.  Dohzhansky,  T.:  Alaiikmci  Evolving.  Yale  Univ.  Prcs.s,  New  Haven,  1062. 

2.  Bridginan,  P.  W.:  The  Nature  of  Physical  Theory,  Dover,  New  York,  1936. 

3.  Turing,  A.  M.:  ConiputinK  Machinery  and  Iiilellinenre.  Mind,  59;   433,  1950;  also 

roiirinted  in  (41). 

4.  Armor,  P.:   Attitudes:  toward   intelligent    machines.   S_\-niposiuni   on   Bionics,  Wadd 

Tech.  Rep.  60,600,  13.  1960.  also  reprnitf-d  m  (41). 

5.  Minsky,  M.:  Steps  toward  artificial  intellifience.  Proc.  IRE,  49:   8,  1961,  also  re- 

printed in  (41). 

6.  Kelley,  J.  L.,  and  Selfridge,  O.  G.:   Sophistication  in  computoivs:   .\  disagreement. 

"  IRE  Trans,  in  Inf.  Theory.  IT-8:  78.1962. 

7.  Minsky,  M.,  and  Selfridge,  O.  0.:   Learninti  in  random  nets,  in  Proc.  4th  Lonilon 

Symp.  on  Inf.  Theor>-.  C.  Cherry,  Ed..  Academic  Press,  New  York,  1961,  i^p.  335- 
347. 

8.  Brillouin,  L.:  Emjiirical  laws  in  physical  theories;  the  respecti\e  roles  of  information 

and  imafiination,  in  Self-Orfianizim;-  S\-steins,  M.  (".  Yox'itts,  G.  T.  Jacobi, 
and  G.  D.  Goldstein.  Eds.  Sjiartan,  AA'.i-li..  I).  C.  19(i2.  pp-  2:!l-242. 

9.  Selfridge,  O.  C!.:  The  oruanizaticjn  of  or-i.-iiuzai  mjii,  in  Self-()if:anizing  Systems,  M. 

C.  Yovitts,  G.  T.  JacolM,  and  G.  D.  Goldstein,  Eds.,  Spartan,  Wash.,  D.  C., 
1962,  pp.  1-7. 

10.  Shannon,  C.  E.,  and  Weaver,  W.:   The  Math(aiiatical  Theory   of  Communication. 

Univ.  111.  Pre.ss,  Urbana.  1949. 

11.  Brillouin,  L.;   Science  and  Information  Theor\-.  .\cademic  Press,  New  York,  1955. 

12.  Inlield(-r,  B.,  and  Piajivt.  .1.:  The  Early  Growth  of  Lofiic  in  the  Child,  Clas.sification 

and  Senation.  Harper  and  P.ow,  New  York,  1964. 

13.  Pantz,  R.  L.:   A'l-ual   l-lxpeiieiire  m   Infant.-:    Decreased  .\tlentioii  to  Familiar  Pat- 

terns Retain  <■  lo  Xo\  i'l  t)n.'s.  S.aence,  146:  668.  1964. 
1  I   Hruner,  .1.  S.:  Tlie  cour.-e  of  cnfinitne  ^lowtli.  .Vni.  P.<>(  liol.,  19:  1,  1964. 
l.')  (;ibson,  E.  J.:  Learning  to  reail.  .^lience.  US:  l(l()6.  19f)5. 

Hi.  Weyl,  H.:  Philosophy  of  Mathematics  and  .V.iiui.d  .-^.  leii.'.'.  .Vtheneum,  New  York,  1963. 
17   Wright,  A.  H.,  and  Wright,  .V.  \.:   Handbook  of  Frojis  and  Toads  of  the  United 

States  and  Canada.  Comstock,  Itha.  a,  X.  Y.,  1949. 
1^  Polli.ster,  A.  W.,  and  Ornstein,  L.:   The  iihotomet  l  ic  chemical  analysis  of  cells,  in 

.\n.dytical  Cytology.  R.  C.  Mellois,  Ed..  Mc(;raw-Hill,  New  York,  1959,  pp. 
.-)is. 

1''  Orn.Mi  iii.  L.:  Disc  Elect rophoresis— I,  Background  and  Theory.  Annals  N.  Y.  Acad. 

Sci..  121 :  .Vri.  2.  .i21.  P.Kil. 
-'(I,  Davis,  B.  J.:  Disc       cn i iphi ik  si.s — II,  Method  and  Application  to  Human  Serum 

Proteins.  .VmiaL-  \,  V.  .\ca.l.  Sci.,  121:  Art.  2,  404,  1964. 

21.  Fantz,  R.  L.:  Tln'  oiisiiii  of  form  perception.  Scieiililic  .\merican,  204:  66,  1961. 

22.  Elias,  P.:  Information  Theory,  in  Handbook  of  .Vutomation  Cominitation  and  Control, 

\'ol.  1.  E.  M.  Grabbe,  S.  Ramo,  and  D.  E.  Wooldridge,  Eds.  Wiley,  New 
York,  1958,  pp.  16-01-16-48. 

23.  Ornstein,  L.:  Life  on  other  planets:  Some  exjionential  siuMailations.  Science,  144:  614, 

1964. 


492 


LEONARD  ORNSTEIX 


24.  Hover.  B.  H..  MiCaitliy.  B.  J.,  and  Bolton.  E.  T.:  A  molecular  apiiroach  in  the  sys- 

tcmatic;;  of  higher  organisms.  Science,  144:  959,  1964. 

25.  Abrani.^on.  X..  and  Braverman,  D.:  Learning  to  recognize  pattern.-;  in  a  random  en- 

vironment. IRE  Trans,  on  Inf.  Theory,  IT-8:  S-58.  1962. 

26.  Fisohler,  M.,  Mattson.  R.  L.,  Firschein,  O.,  and  Hcaly,  L.  D.:  An  approach  to  general 

pattern  recognition.  IRE  Trans,  on  Inf.  Theori-,  IT-8:  S-64,  1962. 

27.  Sebestyen,  G.  S.:  Recognition  of  membership  in  classes.  IRE  Trans,  on  Inf.  Theory, 

IT-7:  44.  1961. 

28.  Kalin,  T.  A.:  Some  Metric  Con-siderations  in  Pattern  Recognition.  Res.  Lab.  of 

Electronics.  M.I.T.  Cambridge.  Mass..  1960. 

29.  Sokal.  R.,  and  Sneath,  P.:  Princii)les  of  Numerical  Taxonomy.  Freeman.  San  Francisco, 

1963. 

30.  Sebestyen,  G.  S.:  Decision  Making  Processes  in  Pattern  Recognition.  Macmillan,  New 

York,  1962. 

31.  Tanimoto,  T.  T.:  An  Elementarv  Mathematical  Tlieoiy  of  Cla.ssification  and  Predic- 

tion. I.B.M.  Program  IBCLF,  1959. 

32.  Rogers,  D.  J.,  and  Tanimoto.  T.  T.:   A  computer  jirogram  for  classifying  plants. 

Science.  132:  1115.  1960. 

33.  Tanimoto.  T.  T.:  Xon-linear  model  for  a  computer  a.ssisted  medical  diagnostic  pro- 

cedure. Trans.  X.  Y.  Acad.  Sci.,  Ser.  2,  23:  576.  1961. 

34.  Hamming.  R.  W.:  Error  detecting  and  error  correcting  codes.  Bell  Tech.  J..  29:  147, 

1950. 

35.  Cooper.  P.  W.:  Hyperplanes,  hyperspheres,  and  hyper<|uadrics  as  decision  boundaries, 

in  Computer  and  Information  Sciences.  J.  T.  Tou  and  R.  H.  Wilcox,  Eds. 
Spartan.  Wash..  D.  C.  1964.  pp.  111-138. 

36.  Pearson.  K.:  Early  Statistical  Papers.  Cambridge  Univ.  Press,  London,  1956. 

37.  Tanimoto,  T.  T. :  A  cla.ss  of  exponential  distributions  and  their  associated  Minkowski 

geometric.*.  Xotices  Amer.  Math.  Soc,  8  :  432,  1961. 

38.  Wald,  A.:  Statistical  Deci.-jion  Functions.  Wiley,  Xew  York,  1950. 

39.  Middleton.  D.:  An  Introduction  to  Statistical  Communication  Theor>-.  McGraw-Hill, 

Xew  York.  1960. 

40.  Loomis,  R.  G.:  Mathematics  and  Appl.  Sect.  Data  S.vstems  Division,  IBM.  (personal 

communication). 

41.  Feigenbaum,  E.  A.,  and  Feldman.  J.,  Eds.  Computers  and  Tliought.  McGraw-Hill.  Xew 

York.  1963. 

42.  Copeland,  A.  H.:  Probability,  in  Handbook  of  Automation,  Computation  and  Control, 

E.  M.  Grabbe.  S.  Ramo.  anfl  D.  E.  Wooldridge,  Eds.  Wiley,  Xew  York.  1958.  Vol. 
I.  pp.  12-01-12-20. 

43.  "Student"  (Go.*set,  W.  S.):  The  i)robable  error  of  a  mean.  Bionietrika.  6 :  1.  liWS. 

44.  Fano,  R.  M.:  Transmi.ssion  of  information;  a  .«tati.stical  theor>-  of  communication. 

Wiley,  Xew  York,  1961. 

45.  Huffman,  D.  A.:  A  method  for  the  construction  of  minimal-redundancy  codes.  Proc. 

IRE.  40:  1098,  1952. 

46.  Smith,  R.  V.:  Similarity  and  Entropy.  Com.  A.C.M..  7:  397,  1964. 

47.  Smithes,  O.:  Zone  elect rojihoresis  in  starch  gels  and  its  api)lication  to  studies  of  serum 

proteins.  Advances  in  Protein  Chem.,  14  :  65,  1959. 

48.  Watanabe,  S.:  Information  theoretic  analysis  of  multivariate  correlation.  IBM  Jour. 

of  R.  and  D.,  4  :  66,  1960. 

49.  Watanabe.  S.:  Une  explication  mathematique  du  dassement  d'objets,  in  Information  and 

Prediction  in  Science.  S.  Dockx  and  P.  Bernays,  Eds.  Academic  Press,  Xew  York, 
1965.  pp.  39-76. 

50.  Solomon,  H.:  Cla.ssification  procedures  based  on  dichotomous  response  vectors,  in 

Studies  in  Item  Analysi.s  and  Prediction.  H.  Solomon,  Ed.  Stanford  Univ.  Pre.ss,i 
Palo  Alto,  1961  ],p.  177-186. 


COMPrXKK  LKAHXIXC  AXD  TIIK  sciF.Xril-lC  .MF.TIIOI) 


51.  l.azar.-l'clil.  1'.        Tlic  aliicl)i.-i  of  (licluil (iinoiis  sy>h'iiis,  in  SUkIh's  in  llcni  Analysis  anil 

I'lviliclion.  H.  S.)li.nii)n.  Kd.  Slanfonl  Vuw.  Press.  Pal,,  Alio.  ('alil'..  1961, 

52.  Lini'oot.  E.  II. :  \n  iiil'oiniadonal  uicasnrc  of  i-orn-lat ion.  Inlornialion  and  Control.  1: 

85.  1957. 

53.  K()linofioro\-,  A.  X.:  I'"onnclal  ions  of  the  Tlicorx-  of  Prol)aliilil>-.  ("liclsca.  Xi-w  York. 

1950. 

54.  Born,  M.:  Natural  Philosopliy  of  Cairs,-  and  Chance.  Doxcr.  Now  York,  1964. 

55.  Hobart.  R.  E.:  Hnnic  without  .-k.-pl I'  lsm,  II.  Mmd.       409.  1930. 

56.  Wigncr,  E.  P.:  Events,  Eaws  of  Nature,  and  Invarian.v  Principles.  Science,  145:  995, 

1964. 

57.  Solomonoti'.  R.  J,:  .\  Formal  Theor.\-  of  Inilucli\e  Inference,  Part  I,  Information  and 

Control.  7:  1,  1964. 

58.  Popper.  K.:  The  I.oflic  of  Scientlh.'  Discovery.  Hasi.'  Hooks.  New  York.  1959. 

59.  Hanson.  N.        (ialik'o's  di.M-ox-enes  m  dy  namics.  S.aence,  147:  471,  1965, 

60.  Hcnkin.  L.:  Are  loiiic  and  mat  li, mat  ics  ideiit  i<-al Science.  138:  788,  1962, 

61.  Slaslo,  J,  R.;  A  multipurpose  I  heorem-prox  inii  heuristic  protir.am  that  learns,  m  Informa- 

tion Proce.-sm-  1965:  Proc.  of  IFIP  Congress  65.  \V,  A,  Kalenicli,  Ed,  Spartan, 
^Vash..  D.  C,  1965.  Vol.  II.  m  invss. 

62.  Piatt,  J.:  Strong  mfi  rence.  Science.  146:  347,  1964. 

63.  Born,  M.:  Einstein's  Theory  of  Relativity.  Dover,  New  York,  1962. 

64.  Fieller,  E,  C:  The  distril)Ution  of  the  index  in  a  normal  bivariate  ]iopulation,  Bio- 

metrika,  24  :  428,  1932. 

65.  Fcigl,  H.:  The  logical  charai-ter  of  the  principle  of  induction,  in  Reading  in  Philo- 

sophical Analysis,  H,  Feisiel  and  W,  Sellars,  Eds.  Appleton-Centurv-Croft,  New 
Y'ork,  1949, 

66.  Snow,  C.  P.:  Two  Cultures  and  the  Scientific  Revolution.  Cambridge  Univ.  Press, 

Cambridge.  England.  1959, 

67.  Helton.  G.:  Modern  Science  and  thi'  Intellectual  Tradition.  Si'ience.  131:  1187,  1960. 

68.  Novikoff.  A,  B,  .J.:  Iiit(gial  geometry  as  a  tool  m  p;itt(>rn  i)ercei)tion,  in  Principles  of 

Self-Organization.  H.  ^'on  Foeister  and  G.  W,  Zopf,  Sr,,  Eds,  Pergamon,  New 
Y'ork,  1962, 

69.  Singer,  J.  R.:  An  electronic  analogue  of  the  human  recognition  system.  J.  Opt.  Soc. 

Am..  51:  61.  1961, 

70.  Pinkerton,  R.  C:  Scanning  and  Form,  Astounding  Science  Fiction,  Dec,  1954,  pp. 

102-111. 

71.  Hadamartl,  J,:  The  psychology  of  invention  in  the  mathematical  field,  Dover,  New 

York,  1954, 

72.  Treisman,  A,  M,:   Reading  Rate,  Word  Information  and  Auditory  Monitoring  of 

Speech,  Nature,  205:  1297,  1965, 

73.  Vygotsky,  L.  S.:  Thought  and  Language,  Ed,  and  trans,  by  E.  Hanfmann  and  G. 

Vaker.  Wiley.  New  York,  1962. 

74.  Miller.  G.  A.:  Some  psychological  studies  of  grammar.  Am.  Psyi-hol.,  17:  748,  1962, 

75.  Hockett.  C.  F.:  Animal  "languages"  ami  human  laiigtiage.  in  The  Exolution  of  Man's 

Capacity  for  Culture.  J.  H.  Spuhler.  Ed.  Wayne  St.ate  T'ni\-.  Pri'ss,  Detroit,  1959, 
pp.  32-39. 

76.  Garvin,  P.  L.,  P^d.:  Natural  Language  and  the  Computer.  McGraw-Hill,  New  Y'ork, 

1963. 

77.  Bar-Hillel,  Y,:  The  presdit  st.-ittis  of  automatic  tiansl.aiion  of  languages,  in  Advances 

in  Comput<as.  F.  L.  Wt .  Ed.  Academic  Pn  >s,  Xi  w  York,  1960.  pp.  92-163. 

78.  Rosenblatt,  F.:  Principles  oi  Xeurod\  nainics :  Perceptrons  and  tlic  Theory  of  Brain 

Me<'hani.-ms.  S|.artan.  W,,.<h.,  D.  C..  1962. 

79.  Block,  H.  D.:  The  perceptron:  A  Model  for  Brain  Functioning,  I.  Rev.  Mod.  Phys., 

34 :  123,  1962. 


494 


LEONARD  ORXSTEIX 


SO.  ("lolonih.  S.  W.:  A  niatliematical  tlicory  of  (liscictc  clar^sifuation,  iii  I'loc  lili  London 
Sym.  on  Inf.  Tlu-ory.  C.  Clirrry.  Ed.  Academic  Tms-^.  New  York,  1061. 

81.  Rajclinuin,  J.  A.:  Intogiated  niatrnotic  and  .•^uiu-iconductix o  nuMnoiic.-; — A  .-iinxc.N-  of  tccli- 

niques,  in  Information  Pioc(  s.sing  1965:  I'loc.  of  IFIF  Conines,-;  65.  W.  .\.  Kal(  iiicli. 
Ed.  Spartan.  Wash.,  D.  C.  1965.  Vol.  I.  pi-.  123-129. 

82.  Davi.«.  E.  M.:  Integrated  circuits — Commercial  coniiniter  appii<ai ions,  in  Infoniialion 

Processing  1965:  Proc.  of  IFIP  Congress  65.  \V.  .\.  Kaleiiicii,  Kd.  Spartan.  Wash.. 
D.  C,  1965,  Vol.  II.  in  iness. 

83.  Fernbach.S.:  Comi>uters  in  the  U.S..\. — Toda\-  and  tomorrow,  in  Information  Processing 

1965:  Proc.  of  IFIP  Congress  65.  W.  .\.  KalciiK  h.  Kd.  .^|iart,ni.  Wasli..  D.  C.  1965, 
Vol.  I.  pp.  77-91. 

84.  Carroll.  A.  B..  Cregory.  J.  C.  Leonard.  W.  H..  and  Slotnick.  D.  L.:  The  SOLOMON  II 

computing  system,  in  Information  Processing  1965:  Proc.  of  IFIP  Congress  65. 
W.  A.  Kalenich.  Ed.  Spartan,  Wa.sh..  D.  C,  1965.  Vol.  II,  in  press. 

85.  Lettvin.  J.  Y.,  Maturana,  H..  McCulloch.  W.  S.  and  Pitts.  W.:  What  the  frog's  eye 

tells  the  frog's  brain.  Proc.  IRE.  47:  1940.  1959. 

86.  Miller.  G.  A.:  Decision  units  in  the  jierception  of  sjieech.  IR¥.  Trans,  on  Inf.  Theory. 

IT-8:  81,  1962. 

87.  Land,  E.  H.:  The  Retinex.  Anterican  Scientist.  52:  247.  1964. 

88.  Neisser.  1'.:  Vi.sual  .search.  Scientific  Ameiicaii.  210:  94.  1964. 

89.  Reagan.  M.  D.:  Foi-  a  guaranteed  income.  New  York  Times  Magazine,  .lime  7,  1964,  ]i. 

20. 

90.  Wiener,  X.:  The  liuman  use  of  human  beings.  DouMi day  and  Company,  Garden  City. 

New  York,  1956. 

91.  Conant,  J.  B.:  The  American  high  school  today.  McGraw-Hill.  New  York.  19.59. 

92.  Rickover,  H.  G.:  .\merican  education,  a  national  failure;  the  inoblem  of  out  schools 

and  what  we  can  learn  from  England.  Dutton.  New  York,  1963. 

93.  Wiener.  N.:  Some  moral  and  technological  con.se(iuences  of  automation.  Science.  131 

1355.  1960. 

94.  Highleyman.  W.  K.:  The  design  and  analysis  of  i)attern  recognition  exi)eriments.  B(  11 

System  Tech.  J.,  41(2):  723,  1962. 

95.  Barus,  C:  A  scheme  for  recognizing  patterns  from  an  unspecified  class,  in  0]itical 

Character  Recognition.  G.  L.  Fischer.  D.  K.  Pollo.k.  B.  Ba.ldack.  and  M.  E 
Stevens.  Eds.  Spartan,  Wa.sii..  D.  C.  U)62.  ]>]>.  227-247. 

96.  Sebestyen,  G.  S.:  Recognition  by  an  adaptive  proce.s.^  of  sample  set  construction.  IRE 

Trans,  on  Inf.  Theory,  IT-8:  S-82,  1962. 

97.  Needham,  R.  M.:  A  method  for  using  cominiters  in  information  classification,  in 

Proc.  Intern.  Fed.  Inform.  Processing  Congr..  1962.  North-Holland,  .\mstcrdam. 
1963. 

98.  .\bramson,  N.,  Braverman.  1)..  and  Sebestyen,  G.  S.:  Pattern  recognition  .ind  machine 

learning.  IEEE,  Trans,  on  Inf.  Theory,  IT-9:  257,  1963. 

99.  Bonner,  R.  E.:  On  some  clustering  techniques.  IBM  Jour,  of  R.  and  D..  8:  22.  1964. 

100.  Nilsson,  N.  J.:   Learning  Machines:   Foimdalions  of  Trainable  Pattern-Classifying 

Systems.  McGraw-HiU.  New  Yoik,  1965. 

101.  Klemperer.  P.:  The  growtii  of  i>h\siological  knowledge;  its  historical  backgrovmd. 

Bull.  N.  Y.  Acad.  Med.,  39  :  765,  1963. 
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IXTRODUCTIOX 

Since  the  discovery  in  1836  by  Donne  (1)  of  Trichomonas  vatiiiialis  in  the 
vaginal  secretion  of  women  suffering  from  leucorrhea  an  exteiisi\c  literature 
has  accumuhited  describing  the  infestation  caused  by  this  fiageUatr.  Most 
of  the  papers  and  researcli  work  however  has  been  directed  toward  eratU- 
cation  of  the  protozoa  from  the  female  genito-m-inary  tract.  Little  attention 
has  been  focused  on  the  problem  of  Trichomonas  \-au;inalis  in  the  male. 

Trichomonas  vaginalis  infestation  of  the  male  genito-urinary  system  is 
more  frequently  encountered  than  was  formerly  suspected.  It  took  a  long 
time  to  come  to  the  agreement  of  today  that  this  stubborn  organism — Tricho- 
monas vaginalis — cannot  be  eiadicated  if  the  male  partner  is  not  investigated 
and  treated.  Only  through  close  co-operation  between  the  urologist  and 
gynecologist  will  a  complete  cure  be  assured. 

REVIEW  OF  THE  LITERATURE 

The  first  two  reported  cases  of  Trichomonas  vaginalis  infestation  in  the 
male  appeared  in  1894  in  the  Zentralblatt  fiir  Bakteriologie  und  Parasiten- 
kunde  by  F.  :\larchand  (2)  and  K.  Miura  (3).  F.  Marchand  (2 1  reported 
a  case  of  a  60  year  old  male  who  had  suffered  from  a  perineal  fistula  for 
seventeen  years.  In  the  alisence  of  any  symptoms  of  cystitis  the  patient 
developed  turbid  urine  which  contained  a  yellow  sediment  and  numerous 
whitish  particles. 

Microscopic  examination  of  the  sediment  showed  in  addition  to  numerous 
bacilli,  cocci,  epithelial  cells,  hyaline  casts  and  erythrocytes,  the  presence 
of  flagellates.  Comparing  these  flagellates  with  the  ones  found  in  the  vagina 
of  certain  females  which  he  knew  were  Trichomonas  vaginalis,  Marchand 
(2)  concluded  that  there  was  at  least  a  resemblance  if  not  identity  between 
them. 

In  the  same  year  K.  ^Miura  (,3j  (1894j  of  Tokyo  described  the  case  of  a 
52  year  old  Japanese  male  who  complained  of  left  flank  pain.  The  freshly 
voided  urine,  about  200  cc,  was  yellow  in  appearance  with  an  acid  pH  and 
did  not  contain  albumin  or  sugar  but  many  2-5  mm  long  shreds  and  whitish 
floccular  forms,  similar  to  the  "short  shreds"  of  gonorrhea.  The  microscopic 
analysis  disclosed  many  rounds  cells,  epithelial  cells  and  motile  infusoria  which 
were  larger  than  the  pus  cells  and  identified  by  Miura  as  Trichomonas 
vaginalis.  Aliura  described  the  flagellates  in  detail  but  mentioned  the  presence 
of  one  flagella,  rarely  two  or  three.  ]\Iarchand  (2)  who  was  the  official  re- 
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viewer  of  ^Nliura's  paper  disagreed  with  this  finding  and  attributed  it  to 
the  lower-power  microscope  used  by  IMiura.  Nevertheless,  ]\Iiura's  paper 
was  verj'  accurate  in  all  other  details.  The  author  used  the  two  glass  urine 
test  and  left  an  indwelling  catheter  in  the  bladder  in  order  to  determine  the 
exact  site  of  infestation:  kidney,  ureters,  bladder  or  urethra.  Only  the  first 
glass  contained  the  shreds  while  the  urine  obtained  through  the  catheter  was 
free  of  protozoa.  Therefore,  IMiura  concluded  that  the  site  of  infestation  is 
the  urethra.  It  is  also  INIiura's  merit  to  have  established  the  source  of  infes- 
tation. In  order  to  determine  this  ]\Iiura  examined  the  vaginal  secretion  of 
the  patient's  wife  and  found  that  it  contained  Trichomonas  vaginalis.  Aliura 
concluded  that  infestation  was  transmitted  during  coitus. 

Dock  (4)  (.1896)  presented  the  case  of  a  27  year  old  man  who  suffered 
from  painful  and  difficult  micturition.  The  urine  contained  large  flakes  con- 
sisting of  pus  and  epithelial  cells  and  numerous  flagellates. 

Katsunuma  (5)  in  1924  reported  the  case  of  a  3  year  old  boy  with  severe 
balanitis  caused  by  Trichomonas  vaginalis.  The  preputial  sac  harboured  the 
flagellates. 

In  1925  Dastidar  (6,1  reported  four  cases  in  which  he  recovered  the 
protozoa  by  centrifugating  the  urine  during  routine  examination  of  some 
1000  specimens  of  urine  derived  from  both  sexes.  Three  patients  were  males 
and  one  was  a  female.  He  concluded  "that  Trichomonas  vaginalis  may 
cause  a  mild  urethritis  attended  by  smarting  or  burning  on  micturition  or  even 
a  discharge  from  the  urethra,  but  this  urethritis  cures  itself  with  the  dis- 
appearance of  the  protozoa." 

Capek  (7)  reported  two  interesting  cases  of  Trichomonas  vaginalis  urethri- 
tis in  the  male  in  1927.  The  urethritis  manifests  itself  in  the  male  by  a  puru- 
lent urethral  discharge,  many  non-specific  organisms,  numerous  trichomonads, 
many  red  blood  cells  and  large  amounts  of  pus  and  fibrin.  One  patient  was 
married  and,  on  examination  of  the  wife,  protozoa  were  recovered  from 
the  vagina,  cervix  and  urethra. 

Riba  and  Perry  (8)  in  1929  described  two  cases  of  Trichomonas  vaginalis 
urethritis  in  the  male  complicated  by  Trichomonas  prostatovesiculitis.  The 
expressed  prostatic  fluid  revealed  active  motile  trichomonads,  the  urine  con- 
tained many  shreds  and  motile  flagellates.  Riba  (9)  (1931)  states  that 
among  3000  specimens  of  prostatic  fluid  examined  nine  cases  of  prostato- 
vesiculitis associated  with  Trichomonas  vaginalis  were  found  giving  an 
incidence  of  0.03%.  Riba  believed  this  percentage  was  too  low.  He  euipliasized 
the  importance  of  examining  the  fresh  urethral  and  prostatic  fluid  in  order  to 
diagnose  Trichomonas  vaginalis  in  the  secretions.  The  motile  protozoa  were 
readily  demonstrated  in  fresh  wet  preparations. 

Grimm  (10)  (1930)  reported  five  cases  of  Trichomonas  vaginalis  infesta- 
tion in  males.  Four  patients  were  single.  The  fifth  patient  was  married 
and  his  wife  sufi'ered  from  Tricliomonas  vaginalis. 

Rosenthal  (11;  (1931)  reported  a  case  of  urinary  infection  with  Tricho- 
monas vaginalis  in  a  72  year  old  male  manifested  by  an  acute  attack  of 
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pyelitis.  Tlie  urine  in  addition  to  pus  cells  and  coliform  organisms  contained 
Trichomonas  vaginalis. 

Stuhler  (12)  (1933)  commented  on  the  results  of  the  examinations  on 
prostatic  secretions.  Of  32,000  specimens  of  prostatic  fluid  examined  at  the 
Mayo  Clinic,  Trichomonas  vaginalis  was  found  sixteen  times.  The  technique 
of  the  examination  was  not  described  and  the  accuracy  t>f  the  series  is  open 
to  question.  There  is  a  marked  difference  between  Stuhler's  (12)  and  Riba's 
(9)  findings.  In  Riba's  (9)  series  the  incidence  was  O.OS^c.  which  the  author 
believed  was  too  low  because  many  of  the  microscopic  examinations  were 
carried  out  by  medical  students  not  sufficiently  experienced  in  the  art  of 
microscopy.  Subsequently  many  other  observers  reported  not  only  urethritis 
but  also  cases  of  prostatitis  and  epididymitis  caused  by  Trichomonas  vagina- 
lis. The  clinical  entity  of  male  trichomoniasis  was  definitely  established  and 
accepted.  The  importance  of  the  husband  as  a  potential  source  of  reinfection 
was  soon  recognized. 

Allen,  Jensen  and  "Wood  (13)  (1935)  reported  six  cases  of  Trichomonas 
vaginalis  in  husbands  whose  wives  suffered  from  Trichomonas  vaginalis.  The 
flagellates  were  found  in  fresh  films  of  prostatic  fluids. 

Cornell  and  Riba  (14)  (1936)  reported  that  in  seven  years  they  encountered 
thirty  cases  of  Trichomonas  vaginalis  infection  in  males.  Of  the  30  men, 
25  were  married  and  the  author  expressed  the  belief  that  Trichomonas  vagi- 
nalis in  the  male  is  acquired  solely  through  sexual  contact. 

Drummond  (15)  (1936)  in  a  similar  study  investigated  the  five  husbands 
of  women  suffering  from  Trichomonas  vaginalis.  He  examined  the  fresh 
prostatic  fluid  and  cultured  the  secretions  and  was  able  to  demonstrate  the 
presence  of  Trichomonas  vaginalis  in  the  prostatic  fluid  in  four  out  of  five 
cases.  Interestingly  enough  none  of  these  patients  presented  any  symptoms. 

Nitschke  (16)  (1936)  found  five  cases  of  Trichomonas  vaginalis  infection 
among  forty  cases  of  non-specific  urethritis.  In  all  these  cases  the  female 
partners  of  the  infected  men  suffered  from  Trichomonas  vaginalis. 

Karnaky  (17)  (1938.)  investigated  the  cause  of  recurrence  of  Trichomonas 
vaginalis  vaginitis  and  found  the  protozoan  in  38  of  150  husbands  of  infected 
women.  The  flagellates  were  found  in  the  preputial  sac,  urethra  and  prostate. 

Liston  and  Lees  (18)  (1940)  investigated  400  men  attending  a  venereal 
diseases  clinic  and  found  that  16  patients  (4%)  harboured  Trichomonas 
vaginalis.  Only  one  of  the  16  patients  had  gonorrhea  while  the  others  had 
been  classified  as  having  "non-specific  urethritis." 

Kolesoff  (19)  (1950)  described  the  action  of  Trichomonas  vaginalis  on 
spermatozoa  in  vitro  stating  that  the  spermatozoa  first  lost  their  motility 
and  then  were  ingested  by  the  protozoa.  The  ones  who  escaped  this  fate 
were  lysed  within  three  hours.  These  observations  have  not  been  confirmed 
by  others. 

Whittington  (20)  (1951)  studied  sub-fertility  patients,  having  thus  the 
opportunity  to  study  both  partners  and  examining  concurrently  the  husband's 
semen  and  the  wife's  vaginal  discharge.  The  seminal  fluid  (semen)  was  pro- 


498 


G.   PERL,  H.  E.  SCHAPIRA,  AND  H.  RAGAZZOXI 


diu'cd  by  masturbation  or  coitus  intcrruptus.  Tlic  author  examined  seminal 
specimens  from  tlie  husbands  of  26  women  who  were  or  wlio  had  been  recently 
infected  with  the  parasite.  The  semen  was  examined  by  using  the  fresh 
material  microscopically  as  well  as  by  culturing  it.  Seven  (27%)  of  the  men 
were  found  to  harbour  the  flagellates  but  only  one  had  subjective  symptoms. 
In  a  control  group  comprisiiiij:  H)  husbands  of  Trichomonas  vaginalis  free 
women,  no  flagellates  could  bi  i Iriiuuistrated  in  the  semen.  The  author  em- 
phasizes the  intimate  connection  between  the  infection  of  the  husband  and 
the  wife  and  the  great  importance  of  treating  both  partners  simultaneously. 
The  infection  is  acquired  many  times  in  coitus.  Clinical  evidence,  cited  by 
Dnunmond  (15 1  (19361  and  Pattyson  i21  i  (1937i.  supports  the  view  that 
Trichomonas  vaginalis  is  transmitted  venerially;  however  the  failure  to  find 
the  flagellates  in  three-fourths  of  the  husbands  of  infected  women  is  in 
contrast  to  the  conditions  generally  estal)lished  and  accepted  for  the  trans- 
mission of  venereal  diseasi's  such  as  lues  or  gonorrhea.  Therefore  a  definite 
distinction  has  to  l)e  made  between  Trichomonas  vaginalis  and  venereal 
diseases  as  ordinarily  understood. 

Lanceley  and  McKntegart  l22i  (19.)3l  inoculated  intra-urcthrally  five 
volunteers  with  a  ])ure  cuhure  of  Trichomonas  vaginalis.  Three  of  the 
patients  who  recei\cd  the  jirotozoa  culture  developed  urethritis  from  which 
the  protozoa  were  recovered  for  different  jieriods  of  time.  The  remaining  two 
patients  developed  a  mild  transient  urctlnitis  but  no  trichomonads  were  re- 
covered at  any  time.  Serum  was  examined  by  the  hemagglutination  method 
for  the  presence  of  antibodies  of  Trichomonas  vaginalis.  None  of  the  samples 
gave  a  significant  titre  of  agglutination  thus  failing  to  demonstrate  anti- 
bodies to  the  protozoa. 

INCIDENCE 

Feo,  Varano  and  Fetter  i23)  (19o6(  reviewed  the  incidence  of  Trichomonas 
vaginalis  in  the  urethritis  of  the  male.  They  state  the  incidence  of  non-specific 
urethritis  among  urethritides  varies  from  12.4%  to  70%  according  to  various 
authors  and  sources  [Bull.  U.  S.  Army  Med.  Dept.  1947  (24);  Crouch. 
Reese  and  Boudreau  1953  (25) ;  Parrino  1954  (26) ;  Babione  and  Graham 
1952  (27)  Durrel  and  Siboulet  1954  (28);  Harkness  1950  (29)].  The  liigh 
incidence  of  Trichomonas  vaginalis  in  the  male  population  and  in  males 
with  non-specific  urethritis  has  been  an  established  fact  [Bauer  1942  (30); 
Feo  1944  (31);  Seneca  and  Ides  1953  (32);  Leca  1951  (33);  Kozlowski  1951 
(34);  Sorel  1952  (35);  Lanceley  1953  (36j  ;  .lira,  Bossier  and  Svejcar 
1955  (37)]. 

Feo  et  al.  emi)hasized  the  role  of  Tiichomona.s  vaginalis  as  an  etiologic 
agent  in  ca.ses  of  non-gonoccocal  met  hrit  is.  In  a  .series  of  183  male  patients 
with  urethral  discharge,  108  (59% ,)  were  found  to  have  gonorrhea.  The  re- 
maining 75  patients  had  non-gonoccocal  urethritis,  of  the.se  33  patients  har- 
boured Trichomonas  vaginalis;  this  incidence  represents  18%  of  all  men  studied 
and  41%  of  the  non-specific  cases. 
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The  incidence  of  male  trichomoniasis  in  our  series  of  94  patients  is  28% 
(sec  Table  1). 

CLIXICAL  COURSE  OK  TRICHOMOXAS  VAGIXALIS  IXI-ESTATIOX  IX  THE  MALE 

In  the  male  Trichomonas  vaginalis  is  found  in  tlie  prostatic  and  seminal 
vesicle  secretions,  urethral  discharge  and  urine  of  infected  individuals.  Its 
habitat  in  the  male  is  in  the  urethra,  where  it  may  invade  the  epithelium, 
and  in  the  prostate.  These  jiarasitcs  infestate  the  male  urethra  and  prostate 
gland  at  times  without  symptoms  and  at  other  times  jM'o^-oking  severe  in- 
flammatory reactions. 

In  many  cases  Trichomonas  vaginalis  infection  in  the  male  may  be  latent 
{i.e.,  symptomless)  at  the  time  of  physical  examination  but  later  be  re- 
sponsible for  a  stubl)orn  and  tenacious  urethritis  which  does  not  respond  to 
the  routine  therai)y. 

Material  to  be  examined  microscoiiically  consists  of  the  urine  and  secre- 
tions obtained  from  the  prepuce,  urethra,  jirostate  and  seminal  vesicles.  In 
order  to  obtain  jirostatic  fluid,  the  gland  is  massaged  while  seminal  vesicles 
secretions  are  obtained  l)y  mast url)at ion. 

Since  Trichomonas  vaginalis  infestation  of  the  male  api)ears  to  be  very 
often  in  the  latent  stage,  the  infection  is  more  likely  to  be  suspected  and 
diagnosed  in  gynecology  rather  than  urology  clinics  (39).  This  is  particularly 
true  in  the  case  of  male  jiatient-;  suffi'iing  from  non-s]K'cific  urethritis  in  whom 
casual  and  superficial  examination  may  lead  to  erroneous  diagnosis  and  the 
prescription  of  a  drug  which  is  not  trichomonacidal.  When  one  member  of  the 
pair  is  found  to  ho  infected,  he  or  she  must  be  convinced  that  it  is  essential  to 
postpone  sexual  contact  until  the  infection  has  been  eradicated.  Laboratory 
studies  should  accompany  clinical  examination  to  confirm  or  to  rule  out 
trichomoniasis.  Only  by  following  these  criteria  can  infection  be  prevented  or 
controlled  within  the  mated  pairs.  It  is  also  incumbent  upon  physicians  when 
examining  male  patients  to  supplement  physical  observations  routinely  with 
protozoa  laboratory'  tests  to  determine  if  the  patient  is  an  active  or  latent 
carrier  of  Trichomonas  vaginalis. 

The  first  clinical  manifestation  of  Trichomonas  vaginalis  urethritis  may 
become  evident  within  a  ])eriod  of  twenty-four  hours  or  several  days 
following  sexual  relation  with  an  infected  partner.  The  severity  of  symptoms 
varies  considerably  and  depends  on  the  area  infected  by  Trichomonas  vagi- 
nalis (18).  The  stages  of  the  disease  may  be  graded  according  to  the  anatomical 
area  infected  by  Trichomonas  vaginalis, 

a.  Infestation  of  the  Prepuce:  This  area  offers  an  ideal  culture  ground  for 
the  growth  of  Trichomonas  vaginalis.  Proper  hygiene  and  circumcision  are 
good  preventive  measures. 

b.  Infestation  of  the  Urethra:  Urethritis  is  the  most  frequent  single  symp- 
tom of  Trichomonas  vaginalis  and  the  one  which  brings  the  patient  to  seek 
medical  advice.  In  the  past  many  Trichomonas  vaginalis  urethritides  have 
been  labeled  as  non-specific  urethritis.  In  their  series  Liston  and  Lees  (18) 
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U940)  found  that  apin-oximately  lo^c  of  males  suffering  from  "non-gonoc- 
cocal  urethritis"  \vere  cases  of  Trichomonas  vaginalis  infestation. 

c.  Infestation  of  the  Prostate,  Seminal  Vesicles,  Bladder  and  Upper  Urinary 
Tract:  Fortunately  these  cases  are  rare  but  invariably  whenever  the  invasion 
of  these  anatomical  areas  takes  place,  the  symptoms  and  signs  which  follow 
are  severe  in  nature.  The  symptoms  are  similar  to  those  seen  in  the  infection 
of  these  organs  by  other  organisms. 

THERAPY 

1.  Local  Therapy:  This  form  of  therapy  consisted  mainly  of  topical  appli- 
cation, local  irrigation,  and  instillations.  DifYerent  types  of  solutions  were 
used  e.g.,  aqueous,  acriflavine,  hydrochloride,  silver  nitrate,  mercuric  chloride, 
mercuric  oxycyanidc  and  potassium  permanganate.  To  these  were  added 
urethral  soundings  and  prostatic  massages  and,  in  female  patients,  acid 
douches  and  administration  of  estrogen  hormones. 

Many  powders  and  vaginal  suppositories  are  used  in  the  treatment  of 
Trichomonas  vaginalis.  Among  them  is  the  combination  of  Furoxonc  (furzoli- 
done)  which  was  said  to  be  bactericidal  and  a  specific  trichomonacide 
and  Micofur  (nifuroxime)  a  fungicidal  nitrofuron  efTective  against  Candida 
(Monilia)  albicans.  This  combination  is  known  under  the  brand  name  of 
Tricofuron.* 

Following  the  advent  of  sulfonamide  therapy  and  antibiotics,  these  were 
used  in  conjunction  with  topical  therapy,  soundings  and  prostatic  massage. 

Treatment  lasted  from  six  to  twenty  months  with  no  improvement  in  the 
urethral  discharge.  Kleegman  (38)  (19301  observed  a  ten  to  thirty  per  cent 
recurrence  rate  after  treatment  of  Trichomonas  vaginalis. 

The  older  topical  treatment  was  not  only  painful  for  the  patient  but  in- 
adequate and  many  times  potentially  dangerous.  Solutions  were  inadequate 
because  they  failed  to  reach  the  flagellates  hidden  in  the  folds  and  fissures 
of  the  mucosa  inaccessible  to  the  chemical  [Faust  (39j  1963].  The  re- 
ported therapeutic  "successes"  have  been  simply  temporary  symptomatic  re- 
lief, without  evidence  of  a  definitive  cure  as  proven  by  a  return  of  symptoms 
and  by  the  demonstration  of  Trichomonas  vaginalis  in  the  discharge  and 
secretions. 

The  reason  for  this  failure  was  the  presence  of  Trichomonas  vaginalis  in 
inaccessible  sites,  glands  and  ducts  of  the  lower  genito-urinary  tract  (Skene's 
ducts,  Bartholin's  glands) . 

2.  Systemic  Therapy:  Many  drugs  have  been  used  for  systemic  therapy 
in  an  attempt  to  eradicate  Trichomonas  vaginalis  infestation.  Most  of  these 
drugs  belong  now  to  the  history  of  Trichomonas  vaginalis  therapy.  Bacteri- 
cidal and  bacteriostatic  drugs  (sulfonamides,  penicillin  and  other  antibiotics) 
had  no  effect  on  Trichomonas  vaginalis.  An  oral  preparation  with  good 
tricliomonacidal  activity  in  vitro  and  in  animals  was  Tritheonf  (2  acetyla- 

•  Eaton  Laboratorie.s,  Norwich,  New  Jersey. 
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mino-  5  nitrothiazolc) .  In  human  trials,  liowever,  it  did  not  give  satisfactory 
results. 

Recently  a  new  trichomonacidal  agent,  Metronidazole  (Flagyl )  ■•  lias  been 
added  to  the  medical  armamentarium.  In  a  monograph  published  INIarch  16, 
1963  (J.A.jNI.A.,  183-11:  952-3)  the  A.M.A.  Council  on  4) rugs  stated,  "its 
effectiveness  is  greater  than  that  of  any  other  form  of  therapy  used  to  date." 
Metronidazole  was  synthesized  by  the  Research  Department  of  Rhone- 
Poulenc,  France.  It  has  been  used  widely  in  Euro])o  since  1959.  Over  fifty 
reports  on  its  pharmacological  and  clinical  action  have  been  published  in 
the  medical  literature  and  approximately  14  of  these  have  been  from  the  United 
States. 

The  present  paper  will  summarize  the  studies  conducted  in  the  Vaginitis 
Clinic  at  The  Mount  Sinai  Hospital  and  will  describe  the  findings  and  results 
in  a  group  of  male  patients  treated  with  Flagyl. 

EXPERIENCE  WITH  METRONIDAZOLE   (fLAGYL)   IN  THE  VULVO- VAGINITIS 
CLINIC  AT  THE  MOUNT  SINAI  HOSPITAL 

Perl  and  Ragazzoni  (40)  (1962)  published  a  preliminary  report  on  Flagyl 
dealing  with  61  female  patients  attending  the  Vulvo-Vaginitis  Clinic  at  The 
Mount  Sinai  Hospital  in  New  York  City.  In  1963  Perl  et  al.  (41)  pre- 
sented a  review  of  a  larger  group  of  patients  concluding  that  "Flagyl  must  be 
accepted  today  as  one  of  the  great  advances  of  treatment  of  this  much  dis- 
cussed and  studied  but  unresolved  problem." 

Having  recognized  the  importance  of  the  male  partner  in  the  transmission 
of  Trichomonas  vaginalis,  the  senior  author  invited  a  urologist  to  co-operate 
in  the  study  and  treatment  of  male  patients.  In  doing  so  we  had  two  pur- 
poses in  mind : 

1.  To  determine  the  frequency  of  Trichomonas  vaginalis  infestation  in  the 
male  population  in  general,  and  in  the  male  partner  of  the  infected  female 
in  particular; 

2.  To  evaluate  the  effect  of  Flagyl  in  the  male,  mainly  its  effect  on  sperma- 
togenesis. Having  already  determined  that  Flagyl  was  without  side  effects 
in  female  patients  it  was  left  to  us  to  determine  its  influence  on  spermato- 
genesis. 

METHODS  OF  STUDY 

Our  patients  were  referred  to  us  from  the  Vaginitis  Clinic  as  the  partners 
of  infected  females,  or  from  the  Urology  Clinic  where  they  sought  help  for 
the  treatment  of  a  so-called  "non-specific  urethritis."  Having  ruled  out  other 
causes  for  their  symptoms,  the  patients  were  investigated  for  Trichomonas 
vaginalis.  Trichomoniasis  in  the  male  can  manifest  itself  as  an  overt  infec- 
tion of  the  uro-genital  tract,  but  many  times  the  male  acts  simply  as  a  healthy 

*  Searle  &  Co.,  Chicago,  Illinois. 
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carrier  of  the  protozoa  without  syni}noins.  Therefore  repeat  examinations  are 
necessary  because  the  presence  of  tlie  protozoa  is  overlooked  in  a  significant 
percentage  of  male  patients. 

The  method  of  investigation  of  the  male  patient  for  the  presence  of  the 
trichomonas  infection  consists  in  a  thorough  history,  i)hysical  examination 
and  examination  of  a  fresh  semen  specimen  which  has  been  ejaculated  directly 
into  a  sterile  jar. 

We  insist  on  having  fresh  specimens  not  older  than  twenty-four  hours. 
When  semen  could  not  be  obtained  for  one  reason  or  another,  a  prostatic 
massage  was  performed  instead  and  the  prostatic  fluid  was  examined  and 
cultured.  We  found  to  our  surprise  that  many  times  the  prostatic  fluid 
yielded  Trichomonas  vaginalis  while  the  semen  was  sterile. 

At  the  initial  examination  and  at  each  subsequent  visit  the  patient  was 
examined  for  the  presence  of  the  protozoa  by  the  wet  smear  method  (using 
Trichomonas  Diluent*)  and  with  the  Kupfcrberg  Sim])lified  Trypticase  Serum 
Culture  ^Medium.  The  wet  smear  with  Trichomonas  Diluent  is  a  highly  sen- 
sitive diagnostic  aid  but  in  male  trichomoniasis  we  depend  finally  on  the 
culture  method. 

A  thorough  and  complete  semen  examination  was  performed  before  and 
after  treatment  with  Flagyl.  Each  specimen  was  examined  for  viscosity, 
motility,  volume,  count  per  cc,  turbidity  and  morphology. 

Part  of  the  semen  specimen  was  cultured  using  the  STS  Kupferberg  Medium 
and  incubated  at  37°C,  and  readings  obtained  after  twenty-four  liours. 
If  negative,  the  readings  were  repeated  after  forty-eight  and  seventy-two 
hours  of  incubation.  If  the  specimen  was  positive  for  Trichomonas  vaginalis, 
the  patient  was  started  on  Flagyl  therapy  consisting  of  250  mg  tablets  three 
times  daily  for  ten  days. 

The  patients  were  seen  at  the  completion  of  the  therapy  and  were  e\  alu- 
ated  for  side  effects.  A  repeat  sjjerm  specimen  was  obtained  and  cultured 
in  the  same  manner  as  previously  outlined.  If  negative,  we  saw  the  patient 
once  more  and  only  after  two  consecutive  negative  cultures  was  the  patient 
considered  cured. 

CA.SE  REPORTS 

Following  are  five  tyi)ical  case  histories  of  patients  affected  by  Trichomonas 
vaginalis.  These  histories  will  illustrate  the  importance  of  examination  and 
simultaneous  treatment  of  the  male  partner  of  an  infected  female. 

1.  Mrs.  N.F.  w^as  one  of  our  severest  cases  of  Trichomonas  vaginalis 
vaginitis  seen  at  the  Clinic  since  1953.  She  presented  with  recurrent  acute 
flare-ups  accompanied  by  urinary  symptoms.  Her  husband  had  been  treated 
in  many  urological  clinics  for  active  trichomoniasis  with  .«evere  urethritis  and 
urethral  stricture.  He  reinfected  his  wife  many  times.  During  the  nine  years 
^Irs.  F.  attended  our  clinic  we  were  able  to  bring  on  a  clinical  improvement 

•  Ortlio  Co.,  Rarilan,  New  Jersey. 
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or  a  transitory  cure  with  different  tricliomonacidal  compounds  but  eacli  time 
she  returned  after  sexual  contact  exhibiting  all  the  acute  symptoms  of  rein- 
fection. In  June  1961  we  started  treatment  with  Flagyl  on  Mr.  and  Mrs.  F. 
Tliey  both  became  negative,  and  since  then  we  have  obtained  seven  negative 
cultures  from  the  vagina  and  semen. 

2.  A.W.  was  treated  for  prostatitis  since  1960.  The  i)rostatic  fluid  was 
negative  for  Trichomonas  vaginalis.  His  scnien,  however  cultured  in  S.T.S. 
culture  media  was  positive  for  the  protozoa.  For  two  years  he  had  been 
treated  with  all  availal)le  chemicals  l)ut  the  semen  remained  i)Ositive  for  the 
protozoa  and  he  reinfected  his  wife  repeatedly.  We  gave  him  Flagyl  in  July 
1962.  Since  then  we  have  obtained  four  semen  specimens  which  were  all 
negative.  His  wife  was  cured  as  well. 

3.  Mr.  N.J.  was  under  treatment  for  prostatitis  for  four  years.  Mrs.  J. 
was  treated  in  our  clinic  during  this  time  for  recurring  trichomoniasis.  We 
had  no  knowledge  of  her  husband's  urological  infections.  When  we  cultured 
his  first  semen  specimen  we  had  the  answer  to  the  causative  factor  in  the 
infection  and  reinfection.  We  treated  them  both  with  Flagyl  for  ten  days  and 
since  then  we  have  had  four  negative  semen  and  vaginal  cultures. 

4.  H.W.  a  healthy  43  year  old  married  Negro  had  a  urethral  discharge 
lasting  for  about  a  year.  Routine  laboratory  tests  excluded  gonorrhea  and 
the  patient  was  treated  with  different  agents  for  a  "non-specific  urethritis." 
The  patient  did  not  respond  to  therapy  and  his  urethral  discharge  continued. 
About  the  same  time  we  found  out  that  the  patient's  wife  suffered  from  a 
profuse  vaginal  discharge.  A  culture  established  that  she  was  affected  by 
Trichomonas  vaginitis.  She  was  treated  with  Flagyl  and  cured.  The  patient 
had  a  positive  semen  culture  for  Trichomonas  vaginalis  and  was  given  a  full 
course  of  Flagyl.  His  urethral  discharge  subsided  and  two  subsequent  cultures 
were  negative  for  Trichomonas  vaginalis.  The  patient  had  no  ill  effects  during 
this  course  of  therapy. 

5.  J.H.,  a  25  year  old  colored  male,  had  a  sudflen  onset  of  urethral  dis- 
charge and  burning  on  urination.  A  gram  stain  was  negative  for  gonorrhea 
and  the  patient  received  conventional  treatment  for  a  "non-specific  urethri- 
tis," but  did  not  respond  to  therapy.  A  semen  culture  disclosed  Trichomonas 
vaginalis.  The  patient  had  a  full  course  of  Flagyl  without  any  side  effects. 
Two  successive  semen  cultures  were  negative.  Patient  was  discharged  as 
cured. 

RESULTS 

A  total  number  of  94  male  patients  were  examined.  Among  the  94  individ- 
uals, 26  (28%)  had  a  jiositive  culture,  while  68  (72%)  were  negative,  as  seen 
in  Table  I. 

Among  the  positive  Trichomonas  vaginalis  males,  only  3  (12%)  had  symp- 
toms, indicating  how  unreliable  symptoms  are  in  the  epidemiology  of 
Trichomonas  vaginalis.  23  patients  (88%)  were  positive  for  Trichomonas 
vaginalis  and  asymptomatic,  as  shown  in  Table  II. 
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Twenty-one  patients  with  positive  Trichomonas  vaginalis  cultures  received 
Metronidazole  (Flag>-1).  All  these  patients  became  negative  after  treatment, 
as  shown  in  Table  III. 

The  drug  has  no  ill  effects  on  the  spermatozoa.  As  we  can  see  in  Table  IV 
there  were  no  significant  changes  in  the  count  per  cc,  volume,  motility, 
morphology',  viscosity  or  turbidity. 


TABLE  I 


Total  Number 
of  Patients 
Examined 

Total  Number 
of  Positive 
Patients 

Total  Number 
of  Negative 
Patients 

% 

94 

20 

28 

68 

72 

TABLE  II 

Total  Number 
of  Positive 
PatienU 

Total  Number  of 
Positive  Patients 
with  Symptoms 

Total  Number  of 
Positive  Patients 
without  Symptoms 

26 

3 

12 

23 

88 

TABLE  III 


Number  of  Patients  Positive 
for  Trichomonas  Vaginalis 
and  Treated  with 
Metronidazole  (Flag>l) 

Number  of  Patients 
Positive  Treated 
Who  Became 
Negative 

Number  of  Positive 
Patients  Treated 
and  Still 
Positive 

21 

21 

100 

Xone 

TABLI 

Comparative  Studies  of  Semen  Examinations 

Count  per  cc: 

Volume 

Motility 

Morphology 

Viscosity 

Turbidity 

:  IV 

Before  and  After  Therapy  with  Metronidazole 

\o  Change 
No  Change 
Xo  Change 
No  Change 
Xo  Change 
Xo  Change 

SUMMARY  AND  CONCLUSIONS 

1.  Local  application  of  chemotherapeutic  agents  will  not  eradicate  Tricho- 
monas vaginalis  from  the  female  and  male  genito-urinary  tract. 

2.  The  cure  of  Trichomonas  vaginalis  necessitates  the  proper  examination 
and  simultaneous  treatment  of  the  male  sex  partner. 

3.  The  male  can  be  a  symptom-free  carrier  of  the  protozoa  and  the  organ- 
ism can  be  detected  from  a  freshly  ejaculated  semen  specimen  and/or  pro- 
static fluid. 
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4.  To  evaluate  the  curative  proiicrties  of  a  trichomonacide,  cultures  are 
essential. 

5.  Metronidazole  (Flagyl)  taken  orally  for  ten  days  is  a  highly  effective 
drug  in  the  treatment  of  trichomoniasis. 

6.  Comparative  studies  of  semen  examinations  before  and  after  therapy 
with  Flagyl  show  no  ill  effects  on  the  qualitative  or  quantitative  character 
of  the  semen  and  no  depression  of  spermatogenesis. 

ACKNOWLEDGMENT 

The  authors  wish  to  express  acknowledgment  and  sincere  thanks  to  Dr. 
S.  Gusberg,  Director,  Department  of  Obstetrics  and  Gynecology  and  to 
Dr.  H.  Brendler,  Director,  Department  of  Urology,  The  Mount  Sinai  Hospital, 
New  York  City,  for  their  kind  interest  and  constructive  criticism  in  re- 
viewing this  paper. 

REFERENCES 

1.  Donne,  A.:  Animalcules  observes  dans  les  matieres  purulentes  et  le  produit  des 

secretions  des  organes  genitaux  de  rhomme  et  de  la  femme,  C.  R.  Acad.  Sci., 
3 :  385,  1836. 

2.  Marchand,  F.:  Uber  das  Vorkommen  von  Trichomonas  im  Harne  eines  Mannes, 

nebst  Bermerkungen  liber  Trichomonas  vaginalis.  Zentralbl.  Bakt.,  15:  709,  1894. 

3.  Miura,  K.:  Trichomonas  Vaginalis  in  the  Freshly  Voided  Urine  of  a  Man.  Zentrabl. 

Bakt.,  16:  67,  1894. 

4.  Dock,  G.:  Trichomonas  as  a  Parasite  of  Man.  Am.  J.  M.  Sc.,  3:  1,  1896. 

5.  Katsimuma,  S.:  Presence  de  Trichomonas  vaginalis  dans  I'urine  d'un  jeune  garcon. 

Bull.  Soc.  path,  exot.,  17:  216,  1924. 

6.  Dastidar.  S.  K.  G.:  Trichomonas  Infection  in  the  Urine.  Indian  M.  Gaz.,  60:  160,  1925. 

7.  Capek,  A.:  Die  Flagellaten  Urethritis  des  Mannes.  Med.  Klin.,  23:  1535,  1927. 

8.  Riba,  L.  W.,  and  Perry,  E.:  Trichomonas  Prostato-vesiculitis.  J.  Urol.,  22:  563,  1929. 

9.  Riba,  L.  W.:  Trichomonas  Urethritis,  J.  A.  M.  A.,  96:  2100,  1931. 

10.  Grimm,  A.:  Die  Trichomonas  vaginalis  Urethritis  beim  Mann.  Dermat.  Ztschr.,  59: 

314,  1930. 

11.  Rosenthal,  D.  B.:  Urinary  Infection  with  Trichomonas  Vaginalis  in  the  Male.  Med. 

J.  Aust.,  1:  782,  1931. 

12.  Stuhler,  L.  G.:  Trichomonas  Vaginalis  Infestation  of  Prostate  Gland.  Proc.  Staff 

Meet.  Mayo  Chn.,  8  :  221,  1933. 

13.  Allen,  E.  D.,  Jensen,  L.  B.,  and  Wood,  I.  H.:  Clinical  and  Bacteriologic  Observations 

in  Trichomonas  Vaginitis.  Am.  J.  Obst.  &  Gynec,  30:  565,  Oct.  1935. 

14.  Cornell,  E.  L.  and  Riba,  L.  W.:  Treatment  of  Trichomonas  Vaginalis  and  Tricho- 

monas in  the  Male.  Surg.  Gynec.  &  Obst.,  63  :  511,  1936. 

15.  Drummond,  A.  C:  Trichomonas  Infestation  of  Prostate  Gland.  Am.  J.  Surg.,  31: 

98,  1956. 

16.  Nitschke,  P.  H.:  Trichomonas  Vaginahs  Infestation  in  the  Male.  J.  A.  M.  A.,  107: 

12,  1936. 

17.  Karnaky,  K.  J.:  Why  does  Trichomonas  Vaginalis  Recur?  Report  of  38  cases.  Urol. 

&  Cutan.  Rev.,  42 :  812,  1938. 

18.  Listen,  W.  G.,  and  Lees,  R.:  Trichomonas  Vaginalis  Infestation  in  the  Male  Subjects. 

Brit.  J.  Ven.  Dis.,  16:  34,  1940. 

19.  Kolesoff,   A.   P.:    Phagocytosis   of   Spermatozoa   by  Vaginal   Trichomonas.  (1950) 

Alcusk.  Ginek.  6,  46,  abstr.  152.  Excerpta  Med.  Basel  Sec,  IV  5,  597. 


506 


G.  PERL.  H.  E.  SCHAPIRA.  AND  H.  RACiAZZOXI 


20.  Whittingtou.  M.  J.:   The  Occurrence  of  Trichomonas  Vaginahs  in  the  Semen.  J. 

Obst.     Gynec.  Brit.  Emp..  58:  614,  1951. 

21.  Pattyson.  R.  A.:  Trichomonas  Vaginalis  Vaginitis.  New  York  J.  Med.,  37  :  41,  1937. 

22.  Lanceley,  F.,  and  McEntegart,  M.  G.:  Trichomonas  Vaginalis  in  the  Male:  The  E.\- 

pcrimental  Infection  of  a  Few  Volimteers.  Lancet,  2&4  :  688.  1953. 

23.  Feo.  L.  G..  Varano,  N.  R.,  and  Fetter,  T.  R.:  Trichomonas  Vaginalis  in  the  Urethritis 

of  the  Male.  Brit.  J.  Ven.  Dis..  32  :  233-5.  1956. 

24.  Studies  on  Gonococcal  and  Nongonococcal  Urcthriti.'^  Among  Troops  in  the  Pacific 

Theater.  Bull.  UJS.  Army,  7:  660.  1947. 

25.  Crouch,  R.  D.,  Reese,  J.  E.,  Jr.,  and  Boudreau,  H.  J.:  Nongonococcal  Urethritis  in 

Korean  Rotatees.  U.S.  Armed  Forces  Med.  J.,  4:  1159,  1953. 

26.  Parrino.  P.  S.:  Nongonococcal  Urcthriti.*  in  Male.  U.S.  Armed  Forces  Med.  J.,  5:  1249, 

1954. 

27.  Babione,  R.  \V.,  and  Graham,  R.  S.:  Nongonococcal  Urethritis  in  the  Na\T.  Am.  J. 

Syph..36  :  480,  1952. 

28.  Durel,  P..  and  Siboulet.  A.:  Symposium  sur  les  uretrites  non-gonococciques,  Monaco, 

W.H.O.  V.D  T.  126,  1954. 

29.  Harkness,  A.  H.:  Nongonococcal  Urethritis.  Livingstone:  Edinburgh,  1950. 

30.  Bauer.  H.:  Zur  Atiologie  Der  L'rethritis  Non-  Gonorrhoica.  Dermat.  Wchn.schr..  115: 

1021.  1942. 

31.  Feo,  L.  G.:  The  Incidence  and  Significance  of  Trichomonas  Vaginalis  Infestation  in 

the  Male.  Am.  J.  Trop.  Med.,  24:  195,  1944. 

32.  Seneca.  H.,  and  Ides,  D.:  In  Vitro  Effect  of  Various  Antibiotics  on  Trichomonas 

Vaginalis.  Am.  J.  Trop.  Med.,  2:  1045,  1953. 

33.  Leca.  J.:  Urethrite  et  Trichomonas  chez  I'homme.  J.  L'rol.  Paris,  57:  511,  1951. 

34.  Kozlowski,  J.:  (1951)  Prezegl.  Derm..  38  (N.S.I.)  274. 

35.  Sorel,  C:  Le  "Trichomonas  Vaginalis"  chez  Thomme.  J.  L'rol.  Paris,  58:  109,  1952. 

36.  Lanceley,  F.:  Trichomonas  Vaginalis  Infections  in  the  Male.  Brit.  J.  Ven.  Dis.,  29: 

213, 1953. 

37.  Jira,  J.,  Rossler,  J.,  and  Svejcar,  J.:  Dalsi  poznatky  o  viralni  trichomoniase.  Casop. 

lek.  cesk.,  94 :  1233,  1955. 

38.  Kleegman,  S.  J.:  Trichomona.s  Vaginalis  Vaginitis,  a  Common  Cause  of  Leucorrhoea. 

Surg.  Gynec.  &  Obst.,51 :  522,  1930. 

39.  Faust,  E.  C:  Trichomonads  and  Human  Trichomoniasis.  Worldwide  Abstr.  Gen. 

Med.,  6  :  8-19,  1963. 

40.  Perl,  G.,  and  Ragazzoni,  H.:  Flagjl  in  Treatment  of  Trichomonas  Vaginalis  Vagini- 

tis. Obst.  &  Gynec,  19:  595,  1962. 

41.  Perl,  G.,  and  Ragazzoni,  H.:  Further  Studies  in  Treatment  of  Female  and  Male 

Trichomonia.«is  with  Metronidazole.  Obst.  &  Gjnec,  22:  376,  1963. 


Diagnosing  Benign  and  Malignant  Intracranial  Disease 
with  Mercury- "  Neohydrin  Pliotoseanning 

CHARLES  ZIMMERMAN,  MX).*  AND  SANFURD  G.  BLUfeTEIN,  M.D.t 
New  York,  AM'. 
INTRODUCTION 

Cerebral  angiography  and  pneumograiihy  are  reliable  diagnostic  modalities. 
These  prcedures,  however,  are  not  without  danger  or  inconvenience.  Further- 
more, in  many  practice  situations  there  is  need  for  a  relatively  simple,  accu- 
rate screening  examination  to  detect  intracranial  space-occupying  processes. 

An  alternate  diagnostic  ai^proach  has  evolved  from  the  application  of  radio- 
active isotope  scanning  techniciues  to  brain  disease  (1,  2l.  Appropriate  isotope 
compounds  are  a\  ;ulal)le  which  will  pool  at  abnormal  sites  by  virtue  of  local 
"blood-brain  barrier"  breakdown.  This  disruption  allows  material  usually 
excluded  to  remain  focally  where  it  has  been  detected  in  the  past  with  vary- 
ing degrees  of  accuracy. 

Although  isotope  scanning  has  been  known  for  several  years,  until  recently 
methods  and  materials  have  been  relatively  crude.  It  is  the  purpose  of  this 
paper  to  describe  newer  developments  in  isotope  scanning  and  to  i^resent 
techniques  and  experience  derived  from  over  300  Hg-*^^  Neohydrin  brain 
photoscans. 

INSTRUMENT.\TION 

A  good  scanning  device  allowing  maximum  detection  of  counts  from  the 
target  area  and  minimum  detection  from  outside  the  target  area  will  contain 
the  following  components  (3) : 

A)  A  scintillation  detector  with  high  sensitivity.  This  is  now  avail- 
able in  the  form  of  larger  Nal  crystals  which  can  be  adequately  shielded 
and  yet  move  easily. 

B)  Efficient  focusing  collimators  with  high  resolution  and  uniform  response 
to  tumor  radioactivity,  relatively  independent  of  the  depth  of  the  tumor  in 
the  organ  scanned.  True  independence  of  response  is  achieved  only  by  coin- 
cidence counting  of  positron  emitting  isotopes.  This  requires  a  rather  expen- 
sive positron  scanner  which  cannot  be  used  for  other  diagnostic  applications 
as  can  the  conventional  collimator  scanner  (4).  Properly  designed  collimators 
are  now  available,  however,  which  approximate  independence  of  response, 
up  to  several  inches  in  depth  (5). 

C)  Highly  stable  pulse  height  analyzers.  These  must  reliably  maintain  a 
constant  voltage  supply. 
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D)  A  photograiihic  method  of  data  presentation.  Previously,  scan  data 
was  displayed  on  paper  by  a  solenoid  hammer  which  portrayed  variations 
in  spacing  between  uniform  dots  or  lines.  With  this  technique  the  small 
(10  per  cent  to  30  per  cent)  differences  in  count  rate  between  tumor  and 
normal  tissue  (6)  encountered  in  brain  scanning  were  not  readily  apparent. 

On  newer  instruments,  scanning  data  is  led  to  a  cathode  ray  tube  whose 
variable  glow  makes  a  photographic  image  on  ordinary  x-ray  film.  Areas 
of  increased  count  rate  are  represented  by  increasing  degrees  of  film  darken- 
ing. The  film  density-count  rate  relationship  is  arranged  so  that  a  slight 
increase  in  count  rate  produces  a  considerable  increase  in  film  blackening, 
i.e.,  one  obtains  a  high  contrast,  non-linear  response  over  a  limited  range. 
On  the  resulting  photoscan,  the  eye  can  more  readily  appreciate  small  differ- 
ences in  count  rates  when  presented  as  changes  in  film  density. 

ISOTOPE  DEVELOPMEXT 

Various  beta  and  gamma  emitting  isotope  compounds  for  use  in  brain  scan- 
ning have  been  tried  in  the  past.  The  use  of  radioactive  I^^^  tagged  human 
serum  albumin  has  recently  been  advocated  by  some  (7,  8).  Although  un- 
questionably useful  this  compound  has  certain  phj'sical  and  biological  dis- 
advantages. 

For  example,  although  the  major  gamma  energy  of  I^^^  is  a  364  K.E.V. 
photon,  there  are  significant  amounts  of  two  other  higher  energy  gamma 
photons  which  can  originate  outside  the  target  area  reaching  the  detector 
by  penetrating  crystal  shielding,  crossing  collimator  septae  or  scattering  into 
the  field  and  losing  just  enough  of  their  energy  to  be  counted  with  the  364 
K.E.V.  peak.  In  practice,  as  much  as  one-half  of  the  total  count  rate  can  come 
from  outside  the  area  under  the  collimator,  markedly  decreasing  precision, 
regardless  of  the  scanning  instrument  (6j . 

Furthermore,  at  scan  time  (24-48  hours  after  injection)  80  per  cent  of  the 
P^^  ablumin  is  still  in  the  body  and  50  per  cent  remains  in  the  blood.  This 
results  in  a  high  body  background  which  reduces  tumor-nontumor  ratios. 
Mass  localization  in  the  region  of  large  blood  vessels  such  as  the  superior 
sagittal  sinus  or  transverse  sinus  is  rendered  increasingly  difficult. 

Recently,  I^*^  labeled  polyvinylpyrrolidone  has  been  suggested  for  use  in 
brain  scanning.  Experience  with  this  compound  is  thus  far  limited  but  it 
may  be  a  useful  alternative  to  I'^^  albumin  (8). 

Mercurj--""^  linked  to  Neohydrin  (chlormerodrin)  is  a  more  appropriate 
compound  for  use  in  brain  scanning  (6).  Hg-"^  emits  only  a  single  280 
K.E.V.  gamma  photon.  This  minimizes  scattering  problems  and  simplifies 
shielding  and  collimation.  It  can  be  shown  with  phantom  studies  that  for 
the  same  geometry,  a  "tumor"  will  produce  30  per  cent  more  counts  with 
Hg-"-''  than  with  P"*',  a  practical  improvement  in  target-nontarget  ratio. 

Indeed,  even  though  Hg-**^  has  a  longer  physical  half-life  than  V^^,  its 
actual  biologic  half-life,  when  linked  to  a  diuretic  sucli  as  Neohydrin,  is  much 
shorter  than  that  of  V^K  In  comparison  to  the  high  level  of  background  V^^ 
albumin  radioactivity  present  during  scanning,  about  80  per  cent  of  Hg-'^'' 
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Neohydrin  radioactivity  has  left  the  blood  in  5  hours  and  over  95  per  cent 
has  left  the  blood  in  24  hours  (10).  A  bi-phasic  Hg-°^  Neohydrin  excretion 
pattern  is  present.  Three-fourths  of  the  administered  dose  is  eliminated  with 
an  effective  half-life  of  5  hours  while  the  remaining  one-fourth  is  excreted 
with  a  half-time  of  7  days  (11). 

A  70  kg  man  requires  350  microcuries  of  albumin  for  a  brain  scan  with 
resultant  total  body  dose  of  700  millirads.  This  may  be  compared  to  a  required 
injection  of  700  microcuries  of  Hg-°^  Neohydrin.  Although  this  is  twice  the 
radioactivity  of  the  I^^^  compound,  a  resultant  total  body  dose  of  290 
millirads  is  received,  less  than  one-half  the  total  body  dose  obtained  from  I^^^. 

It  must  be  pointed  out  that  10  per  cent  of  the  administered  Hg-"^  Neohy- 
drin localizes  in  the  kidneys  with  a  biologic  half-life  of  28  days  and  this  will 
result  in  a  dose  of  35  rads  to  these  organs.  If  one,  however,  gives  an  intra- 
muscular dose  of  1  cc  of  Mercuhydrin  (meralluride)  24  hours  before  scanning, 
this  apparently  blocks  sites  of  uptake  in  the  kidneys  (6).  Renal  dosage  is 
decreased  to  13  rads,  an  exposure  which  the  kidneys  might  receive  during  a 
G.I.  series.  Practically,  Hg-°^  with  its  half-life  of  48  days,  has  a  longer 
shelf-life  than  the  shorter-lived  I^^^  compound.  Further,  scanning  is  done  a 
few  hours  after  injection  with  Hg-°^  and  patients  are  not  required  to  return 
for  24  hour,  48  hour  or  72  hour  scans.  When  a  group  of  patients  are  each 
scanned,  first  with  1"^  and  then  with  Hg-o^,  a  significant  improvement  in 
results  is  reported  (6). 

Soddee  (12)  has  recently  advocated  the  use  of  Hg^''"  Neohydrin  in  brain 
photoscanning.  Its  relatively  short  physical  half-life  (2.7  days)  would  further 
decrease  renal  exposure. 

The  use  of  positron  emitting  Arsenic^^  arsenate  for  detecting  intracranial 
space-occupying  processes  has  not  found  wide  acceptance.  In  addition  to 
cumbersome  detector  disadvantages,  high  doses  of  isotope  must  be  used  with 
correspondingly  high  total  body  doses.  Further,  tumor-normal  brain  con- 
centration ratios  for  As'^*  arsenate  are  inferior  to  those  obtained  with 
either  I^^^  serum  albumin  or  Hg-*'^  Neohydrin  (13) . 

METHODS 

A  commercially  available  photoscanner  (Picker  MagnaScanner)  is  used 
incorporating  a  3"  x  2"  Nal  crystal  and  a  19  hole  focused  collimator  (14). 
The  pulse  height  analyzer  is  set  between  250  K.E.V.  and  300  K.E.V.  The 
scan  speed  is  20  cm  per  minute  and  scan  lines  are  .4  cm  apart.  A  count  per 
minute  range  differential  (CRD)  of  30  per  cent  is  used.  This  means  that 
photographic  gradients  from  white  to  black  will  occur  through  the  upper 
30  per  cent  of  the  maximum  number  of  counts.  A  higher  CRD  is  used  in 
selected  cases.  A  time  constant  of  one-fourth  second  is  used.  The  "density" 
setting,  which  controls  duration  of  cathode  ray  tube  (CRT)  glow  in  micro- 
seconds for  each  photon  detected,  is  usually  fixed  at  100.  Standard  x-ray  film 
is  used  and  is  manually  developed  at  68  degrees  Fahrenheit  for  5  minutes. 
Counts  range  between  200-1000  per  minute. 

Approximately  24  hours  before  scanning,  the  patient  receives  1  cc  of 
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Merouhydrin  intramuscularly,  for  blockage  of  suites  of  uptake  in  the  kidneys 
and  dose  reduction.  On  the  day  of  the  study,  without  any  dietary  restrictions, 
the  jiatient  receives  an  intravenous  injection  of  10  microcuries/kg  of  Hg-°^ 
Xeohydrin.  The  niaxinuun  amount  given  to  any  jiatient  does  not  exceed 
700  microcuries.  No  side  effects  have  been  reported  in  the  literature  nor  have 
any  l)een  observed  in  our  own  series.  Although  varying  time  intervals  have 
been  tried  and  are  still  being  tried,  we  now  begin  scanning  3  hours  after  in- 
jection. This  allows  sufficient  time  for  additional  scan  positions  and  con- 
firmation of  questionable  areas  without  the  necessity  of  additional  isotope 
and  is.  in  our  opinion,  sufficient  for  visualization  of  abnormalities.  In  clini- 
cally suspected  vascular  malformations,  however,  scanning  is  l)cgun  1  hour 
after  administering  the  isotope. 

The  patient's  head  is  immobilized.  The  initial  scan  ])osition  is  an  appropri- 
ate lateral  if  localizing  signs  are  clinically  present.  This  is  followed  by  either 
an  A  P  or  P  A  scan  and  then,  if  warranted,  the  opposite  lateral  iwsition  scan. 
In  general,  therefore,  scans  in  at  least  three  positions  are  obtained. 

Total  time  for  the  study  is  about  one  and  one-half  hours.  Young  children 
or  patients  who  cannot  remain  relatively  ([uiet  for  this  period  of  time  are 
sedated.  A  dot  scan,  simultaneously  accomplished  with  the  photoscan,  is 
])erformed  with  background  cutoff  of  10  i)er  cent  and  a  dot  factor  of  2  or 
8.  The  resulting  low  contrast  dot  scan  supplements  the  high  contrast  photo- 
scan. 

THE  XOH.MAL  HRAIX  PHOTQSCAX 

On  the  lateral  scan  (Fig.  li.  the  l)rain  api)ears  as  a  generally  light  area 
surrounded  by  a  peripheral  margin  of  activity  which  outlines  the  head  con- 
tour. This  rim  of  radioactivity-density  is  mainly  due  to  concentration  in 
scalp  vasculature  and  in  the  superior  sagittal  sinus  under  the  calvarium.  The 
activity  rim  usually  widens  posteriorly,  possibly  due  to  the  entrance  of  large 
superficial  cerebral  veins  into  the  midline  vascularity. 

Four  standard  anatomic  points  are  marked  on  the  lateral  photoscan;  the 
nasion,  the  external  auditory  meatus,  the  external  occi])ital  protuberance 
and  the  superior  Rolandic  point,  the  latter  marking  the  approximate  upper 
border  of  the  Rolandic  fissure.  This  point  is  found  by  halving  the  distance 
from  nasion  to  occiput  as  measured  with  a  piece  of  string  and  marking 
about  I  inch  posterior  to  this  halved  distance.  A  line  from  this  point  to  a 
point  just  anterior  to  the  external  auditoiy  meatus  will  outline  the  Rolandic 
fi.ssure  and  is  most  helpful  in  anatomic  localization.  There  is  always  marked 
increa.<e  in  activitj'  below  a  line  extending  from  the  nasion  to  the  external 
auditory  meatus  due  to  increased  pickup  in  orbital  and  temporal  muscle 
vasculature.  Variable  activity  is  normally  present  below  a  line  connecting  the 
external  occipital  protuberance  and  the  external  auditory  meatus  due  to 
lateral  dural  sinus  size  variations.  Except  for  this,  both  lateial  scans  should 
be  .symmetrical. 


DIAGXOSINC  BKXIGX  AND  MALIGNANT  IXTRACRAXIAL  DISEASE 


511 


On  tlie  antero-postorior  scan  (Fig.  2)  a  central  area  of  low  activity  rciirc- 
senting  brain  tissue  is  encircled  by  a  rim  of  increased  radioactix  ity-ilrn>ity 
due  primarily  to  scalp  vasculature.  Extending  down  from  the  vertex  m  the 
midline  is  a  band  of  increased  density  from  central  vascular  structures.  Photo- 
scan  marks  are  placed  at  the  vertex,  nasion  and  outer -canthi.  Below  the 
nasion  area,  a  constant  zone  of  increased  activity  is  i)resent,  rarely  asymmet- 
ric, due  to  radioactivity  pickup  in  oeulo-facial  mu.scles,  in  paranasal  sinus 
vascular  mucous  membrane  and  in  tongue  and  neck  musculature. 


1 


Fig.  1.  >ioi;mal  lateral  photoscan.  Note  peripheral  \ascular  rim  increasing  posteriorlv 
density  in  facial  area,  variable  density  in  posterior  fossa.  N  (nasion),  S  (superior  Roland'ic 
tis,siire),  O  (occipital  protuberance),  E  (external  auditory  meatus). 

On  the  postero-anterior  scan  (Fig.  3)  a  perij^heral  rim  of  increased  density 
encircles  the  low  activity  normal  brain  tissue.  A  midline  band  of  increased 
activity  due  to  vascular  structures  extends  from  the  vertex,  where  it  is 
heaviest,  to  the  external  occipital  protuberance.  From  the  latter  point  to  the 
mastoid  tips,  marked  in  the  jihotoscan,  there  is  a  normal  constant  increase 
in  activity,  having  the  form  of  an  inverted  "V."  When  posterior  fossa  lesions 
are  being  searched  for,  the  probe  is  angled  about  15  degrees,  and  a  "reverse 
Towne"  scan  is  performed.  This  is  generally  similar  to  the  postero-anterior 
scan  in  appearance  with  the  exception  that  the  normal  area  of  increased  radio- 
activity in  the  occipital  region  has  a  relatively  horizontal  upper  margin, 
rather  than  an  inverted  "V"  configuration. 
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THE  ABNORMAL  SCAN 

On  an  abnormal  scan,  a  striking  zone  of  increased  radioactivity-density 
is  perceived  in  an  area  not  usually  containing  such  a  pattern  (Fig.  4).  A 
neoplastic  mass  will  generally  be  rounded  and  will  vary  in  size  from  the 
limits  of  resolution  (about  2.5  cm)  to  many  centimeters.  It  may  be  homo- 
geneous or  variable  in  density'.  Because  of  inherent  contrast  enhancement 


V 


Fig.  2.  Normal  anteroposterior  photoscan.  Note  peripheral  vascular  rim,  increasing  den- 
sit3'  in  facial  area.  V  (vertex),  N  (nasion),  C  (outer  canthi). 

in  the  scanner  circuitr>',  an  abnormal  area  often  tends  to  stand  out  and 
normal  vasculature  may  be  suppressed  or  not  depicted  (Fig.  5).  This  is  es- 
pecially true  when  a  marked  difference  is  present  between  tumor  count  rate 
and  the  number  of  counts  in  normal  brain  structures.  The  explanation  is  that 
the  photographic  display  from  white  to  black  occurs  in  the  upper  30  per 
cent  of  the  maximum  number  of  counts  for  the  u.sual  "CRD"  of  30  per  cent. 
Thus,  if  a  relatively  "hot"  tumor  produces  a  maximum  number  of  counts 
per  minute  equal  to  1000,  then  all  areas  with  less  than  700  will  not  be  depicted 
on  the  photoscan.  These  areas  are  the  normal  vascular  portions  of  the  brain 
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which  usually  give  no  more  than  200-300  counts  jK-r  minute.  The  resulting 
scan  is  very  striking  but  obviously  tumor  not  differing  greatly  from  normal 
structures  in  count  rate  would  be  missed. 

Practically,  this  may  often  be  avoided  with  a  routine  preliminary  "hand 
scan"  of  the  brain,  before  the  automatic  scanning  nioto"r  is  started.  If  no 
obvious  "hot  spot"  is  found  when  the  probe  is  moved  over  the  brain,  the 


Fig.  3.  Normal  posteroanterior  photoscan.  Note  increased  midline  vascular  density,  pe- 
ripheral rim,  inverted  "V"  appearance  in  occipital  area.  0  (occiput),  M  (mastoid  tips),  V 
(vertex). 

maximum  number  of  counts  should  be  selected  in  an  area  away  from  the 
normal  high  count  zones  which  are  found  over  temporal-facial  and  occipital 
musculature  and  posterior  to  the  vertex.  This  increases  the  jiossibility  of  de- 
picting low  count  rate  tumors.  Appropriate  lateral  and  coronal  scan  positions 
are  most  important  in  this  type  of  neoplasm  (Fig.  6l. 

Another  approach  to  the  low  count  neoplasm  and  to  brain  scanning  in 
general  involves  utilization  of  high  "CRD"  with  a  resultant  low  contrast 
scan.  The  latter  is  then  viewed  on  closed  circuit  television,  where  contrast 
may  be  varied.  It  is  our  feeling  that  this  is  not  necessary  since  we  routinely 
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Fig.  6.  (A)  (Lower)  Left  lateral  scan.  Definite  "low  count  rate"  tumor  pattern  in  an- 
terior frontal  region.  Metastatic  adenocarcinoma.  (Upper)  Eight  lateral  .scan.  No  definite 
abnormality.  Only  approiiriatc  lateral  portrays  tumor. 

partially  re-scan  problem  areas  with  variation  of  the  contrast  "CRD" 
setting. 

If  a  "hot  spot"  is  found  on  the  preliminary  manual  "hand  scan"  one  can  be 
certain  of  an  abnormality,  although  photoscanning  is  performed  to  obtain  a 
permanent  record  and  for  precise  localization. 
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Fig.  6.  (B)  Left  lateral  cerclnal  angiogram.  Xo  ileiecialjle  abnormality. 


Fio.  6.  (C)  Anteroposterior  scan  .«hows  density  in  left  frontal  region  confirming  finding 
on  left  lateral  scan.  Left-sided  anteroposterior  angiogram  shows  anterior  cerebral  arter\ 
shift. 

author's  material 

Scans  were  j)C'rfonnc'd  as  an  office  procedure  on  319  patients  referred  largely 
by  neurosurgeons  and  neurologists.  All  were  suspected  of  having  intracranial 
spaff-ocnipyintr  proces.^es  and  ranged  in  age  from  2V2  years  to  81  years. 
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Eighty-one  patients  were  proven  to  have  localized  intracranial  disease  at 
surgery,  autopsy  or  on  the  basis  of  clinical  course  and  other  diagnostic  studies. 
Sixty-three  of  the  group  had  neoplasms  and  18  had  non-neoplastic  disease 
(Table  I).  Seventy  of  the  entire  group  or  87  per  cent  had  localizing  positive 
scans.  Fifty-four  of  the  neoplastic  group  or  85  per  cent  had  "positive  localizing 
scans.  Cerebral  angiography  was  performed  in  42  of  the  63  tumor  patients 
and  was  abnormal  in  39  or  93  per  cent.  False  negative  angiograms  were 
obtained  on  one  patient  with  a  parieto-occipital  glioblastoma,  another  with 


TABLE  I 

81  Patients  with  Localized  Intracranial  Disease 


Diagnosis 

Scans 
Positive 

Scans  Negative 

1.  N eoplastic  (ji'oup 

IMeiiiiigionia  

8 

18 

1 

(temporal,  invading  floor  of 

third  ventricle) 

18 

3 

(1  diffuse,  1  temporal,  1  parie- 

tal tumor  in  cyst) 

Astrocytoma  

4 

4 

1 

(patient  uncooperative) 

Ependymoma  

1 

(posterior  fossa,  child) 

Pituitary  

2 

2 

Acoustic  

1 

Neoplastic  Group  Total  

54 

9 

II.  Benign  Group 

Subdural  Hematoma  

4 

Intracerebral  Hematoma,  Aneurysm  

3 

1 

(temporal) 

Intracerebral  Infarct  

2 

"Cerebrovascular  Accident"  

4 

2 

Internal  Carotid  Thrombosis  

1 

1 

16 

2 

a  posterior  parietal  astrocytoma,  a  third  with  a  low  fronto-temporal  glio- 
blastoma and  a  fourth  with  a  large  occipito-parietal  cerebral  infarct.  In  these 
anatomic  locations  space-occupying  processes  may  not  easily  reveal  them- 
selves on  angiography.  These  patients,  however,  had  positive  localizing  scans. 
For  technical  reasons  in  8  positive  angiograms  the  abnormality  was  lateralized 
only  without  precise  localization.  In  6  of  these  8,  scanning  accurately 
portrayed  the  lesion. 

Pneumoencephalography  or  ventriculography  was  performed  on  6  patients 
in  the  tumor  grouji  and  localized  the  lesion  in  each  case,  including  3  With 
falsely  negative  cerebral  angiograms.  Three  of  these  6  patients  had  negative 
scans. 
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It  is  evident  from  Table  I  tliat  100  per  cent  of  meningiomas,  94  i)cr  cent 
of  glioblastomas  and  85  per  cent  of  metastatic  foci  gave  i)ositive  scans. 

Of  18  positive  metastatic  scan?;.  14  arose  from  squamous  bronchogenic 
carcinoma.  2  from  breast  adenocarcinoma.  1  from  malignant  melanoma  and 
1  from  reticulum  cell  sarcoma.  Of  3  false  negative  metastatic  scans,  2 
were  from  breast  primaries  and  1  spread  from  the  lung. 

Our  series  of  18  non-neoplastic  disease  processes  con.<ists  of  1  intracranial 
tuberculoma.  4  chronic  subdural  hematomas.  2  middle  cerebral  artery  throm- 
boses, 1  internal  carotid  thrombosis,  4  intracerebral  hematomas,  and  2  brain 
infarcts.  Four  cerebrovascular  accidents  are  also  included  in  this  grouix  Posi- 
tive scans  were  obtained  in  all  but  two  of  these  cases,  (excluding  a  large 
number  of  "'CVAs").  The  positive  scans  apparently  result  from  "blood-brain 
barrier"  disruption  occurring  under  some  conditions  secondary  to  intracranial 
vascular  disease. 

Cerebral  angiography  was  not  i)erformed  on  the  brain  infarct  and  "CVA" 
patients  but  clinical  and  laboratory  features  were  diagnostic.  It  is  a  matter 
of  interest  that  one  positive  brain  infarct  scan  had  reverted  to  normal 
when  rej^eated  after  three  months,  and  that  one  positive  scan  on  a  '"CVA" 
patient  receded  in  4  weeks.  Arteriograms  jierformed  on  the  remaining  10  pa- 
tients in  this  group  were  diagnostic. 

Ten  falsely  negative  scans  were  obtained  and  these  are  listed  with  com- 
ments in  Table  I.  The  false  negative  rate  is  seen  to  be  15  per  cent  in  the 
tumor  group,  6  per  cent  in  the  benign  categories  (exckuhng  '"CVAs"),  13  per 
cent  in  the  entire  jiositive  scan  series.  The  remaining  238  negative  scan 
patients  were  clinically  followed  for  i)eriods  ranging  from  6  months  to  2V2 
years  and  in  the  opinion  of  attending  neurologists  and  neurosurgeons  were 
felt  to  have  no  localized  intracranial  disease.  Most  were  diagnosed  as  having 
one  of  the  following  abnormalities:  epilepsy,  cerebrovascular  accident,  gen- 
eralized convulsive  disorder,  hypertensive  encephalopathy,  conversion  reac- 
tion, Guillain-Barre  Syndrome,  Alzheimer's  Disease,  nmltiple  sclerosis,  enceph- 
alitis. 

DISCUSS.10X 

There  is  a  marked  pickup  of  Hg-"''  Xeohydrin  associated  with  glioblastomas, 
meningiomas  and  metastases.  Obvious  "hot  spots"  are  detected  anri  striking 
.scans  are  prorluced  depicting  dense  abnormalities  in  coronal  and  lateral  posi- 
tions. Our  experience  generally  coincides  with  other  reported  series  ( 1 5, 16 1 . 

In  evaluating  the  significance  of  jiossible  tumor  densities  the  following  ])rin- 
ciples  have  been  founfl  useful:  tumor  radioactivity-density  will  be  localized 
in  a  region  not  normally  showing  an  increased  count  rate.  A  radioactivity- 
dcn>ity  must  persist  in  several  adjacent  scan  lines  seen  in  at  least  2  perjjen- 
dicular  scan  i)ositions. 

Scans  will  be  seen,  however,  in  which  densities  are  consistently  depicted 
with  disproportionate  blackness  in  one  scan  position  compared  to  another. 
In   our  experience,   this   strongly   suggests   non-neoplastic  space-occupying 


Fig.  7.  (B)  Right  lateral  scan.  Small  den.sity  in  frontoparietal  region.  Compare  to  dis- 
proportionate density  of  anteroposterior  scan.  (Fig.  7.  (A)) 
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disease.  Data  in  the  lattur  category  are  thus  far  quite  limited  (16,  18).  It 
would  ai)pear,  nevertheless,  that  an  as  yet  unknown  fraction  of  chronic 
subdural  hematomas,  acute  internal  carotid  thromboses,  middle  cerebral  ar- 
ter\-  thromboses,  intracerebral  hematomas,  brain  abscesses  and  brain  infarcts 
will  give  positive  scans  (Figs.  7,  8).  At  least  1  positive  brain  infarct  scan  and 


showed  concopondiug  abnormality  but  of  lesser  density.  (Upper)  Right  lateral  cerebral 
angiogram  showing  i»artial  thrombosis  of  middle  cerebral  arter>'. 


DIAGXOSIXC  BEXIGX  AXD  MALHIX.WT  IXIHACKA.MAI.  DISKASK 


521 


1  positive  CVA  scan  have  rovcrtcd  to  iionual.  An  c'\aluati()n  of  Ilg-"''  i)hoto- 
scans  in  non-neoplastic  space-occupying  processes  will  he  presented  in  a  future 
communication. 

Certain  limitations  arc  apparent.  With  present  instrumentation,  it  is  physi- 
cally unlikely  that  lesions  smaller  than  3  cm  will  be  tletected»S])ace-occupying 
processes  in  certain  sites  have  not  been  readily  protrayed.  This  is  true  in 
the  parasellar  region  and  in  the  ]K)sterior  fossa.  In  both  these  areas,  radio- 


FiG.  9.  Posteroantprior  scan.  Study  made  four  years  aftei'  (icnpii ,il  i  i Miiicrtomy  for  re- 
moval of  posterior  fossa  meningioma.  Increasing  synii>toms.  Kadii  mti  i\ n  \ -dmsity  left  oc- 
cipital region.  Left  lateral  scan  revealed  density  in  anterior  portKui  ni  pdsimor  fossa.  Re- 
currence found  at  surgery. 

activity-density  is  normally  present  in  sizeable  amounts  and  identification 
is  difficult  unless  huge  or  very  "hot"  lesions  are  present  which  project  a 
distance  of  several  centimeters.  Of  our  mis.sed  diagnoses,  4  were  in  the 
parasellar  area  and  1  was  in  the  posterior  fossa. 

The  histology  of  some  lesions  renders  detection  difficult.  For  example, 
well  differentiated  astrocytomas,  cystic  tumors,  craniopharyngiomas,  pitui- 
tary adenomas,  pinealomas,  cerebellar  ependymomas  and  medulloblastomas, 
acoustic  neuromas  and  certain  metastatic  foci  are  not  often  successfully 
scanned. 
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H()\vf\-t'r.  tlu'  fact  that  these  tumors  t>;ciu'i-ally  emit  jxM'hajjs  only  a  few 
IuiiuU'ihI  net  oounts  pw  niimite  more  than  normal  l)rain  \ascular  hacku;roun(l 
allows  one  to  excludi-  menintiiomas,  <j;liol)lastonias  oi-  metastases  when  a 
"low  count"  density  is  si<inifieantly  detected  in  2  jjeipendieulai-  scanning: 
positions.  Although  histc)los;ic  diat^nosis  cannot  definitely  he  made  one  could 
reasonably  sugiii-st  an  unusual  neoplasm  such  as  a  well  diftei-entiated 
astrocytoma. 

In  our  exi)erience,  preceding  angiography  or  |)nemnogia!)liy  have  had  no 
detectable  effect  on  the  Hg-"'^  scan.  Others,  (3.  lol,  however,  have  reported 
interfering  abnormal  areas  of  uptake  after  these  studies. 

Craniotomy  will  definitely  result  in  increased  areas  of  radioactivity-density 


Tk;.  10.  Postoroanlr'iior  scan  iiiailc  nine  months  after  dcconiiHcssion  cianiotoniy.  Re- 
current syniplonis.  Note  deep  tutnor  density  on  left.  J,at(>ral  scan  sliowed  sinular  density  in 
parietal  region.  Note  elexaled  (lap  on  .<kuil  lilm.  Low  grade  astrocytoma. 

at  the  ijone  flaj)  site,  |)resumal)ly  related  to  mai'ked  "blood-hi'ain  liari'iei'" 
disturbance  at  the  time  of  sui-gei'y.  The  inci'eased  ])ickup  will  usually  pei'sist 
no  more  than  4-6  months  \n\{  may  occa>iniially  I'emain  for  years.  This  phenom- 
enon has  ])rovided  a  u>eful  hut  >iiiiplc  follow-up  tecluii(|ue  in  i)()stopei'ative 
patients.  An  area  of  incicasing  density,  eitliei'  at  the  flap  site  oi'  deep  to  it, 
conijjared  to  a  postoperative  base  line  scan,  has  coirelated  clinically  with  |)er- 
sistent  tumor  growth  or  recurrence  I  Figs.  9.  lOl. 

Radiotherapy  directerl  to  the  cranium  will  not  jirovide  sullicient  "blood- 
brain  barrier"  disruption  to  result  in  positive  photoscans  wheic  the  pi'e- 
tliera|)y  scan  was  negative.  Certain  toxic  states  (17)  such  as  hejjatic  coma, 
flrug  intoxication  and  uremia,  may  alter  the  "blood-brain  hairier"  with 
resultant  scan  abnormality.  In  uremia,  for  example,  a  diffuse  increase  in 
normal  brain  vascular  uptake  will  occur  on  the  scan  (Fig.  11),  which  may 
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ill  part  be  related  to  delayed  renal  exeretion.  Pa<j:et"s  disease  ^ives  a  somewhat 
similar  i)ictiirc,  presumably  because  of  localized  liypcr\  ascularity. 

Despite  limitations,  Hg-""  Xeoliydrin  l)rain  photoscannini;;  is  an  achanta- 
geous  diagnostic  procedure.  The  study  is  innocuous  and  may  be  performed  as 
an  out-patient  or  office  examination.  Indeed,  all  of  the  scans  in  oui-  si'ries  were 
performed  in  a  private  radiology  office.  Although  scanning  may  be  accom- 
plished without  the  constant  presence  of  a  physician,  he  must  be  available 
to  evaluate  each  scan  and  decide  on  modifications.  Performance  of  the  study 


Fig.  11.  Marked  increase  in  peripheral  vascular  rim,  facial  density.  Uremia 


must  not  be  abandoned  to  a  technician,  especially  if  smaller  or  less  radio- 
active lesions  are  to  be  detected. 

An  abnormality  is  usually  dejticted  in  its  true  size  and  location  rather  than 
indirectly  localized  by  secondary  deviation  of  vessels  or  ventricU^s  from  disease 
and  adjacent  edema.  As  a  corollary,  in  several  cases,  although  angiography 
demonstrated  a  tumor  and  its  vascular  supply,  scanning  was  more  informative 
for  flap  placement  (Figs.  6,  12 1. 

As  yet,  we  have  encountered  no  false  positives  nor  have  any  l)een  reported. 
It  is  to  be  expected  that  such  cases  will  eventually  be  uncovered  as  photo- 
scanning  gains  in  popularity  but  the  actual  incidence  must  l)e  small. 

In  our  experience.  Hg--'-^  brain  photoscanning  apjiroaches  angiography  and 
pneumography  in  diagnostic  localization  reliability.  It  is  not,  however,  to  be 


524 


C.  ZIMMERMAN  AND  S.  G.  BLUESTEIX 


/ 


Fig.  12.  (A)  Left  lateral  scan  shows  tumor  density  in  frontoparietal  region.  Left  lateral 
cerebral  angiogram  is  not  specific. 

considered  a  substitute  for  these  studies  since  it  is  apparent  that  positive  scans 
will  be  obtained  in  non-neoplastic  .space-occupying  processes.  At  least  some  of 
the  scans  in  the  latter  categor\'  will  revert  to  normal.  Brain  pliotoscanning  in 
practice,  is  used  as  the  initial  radiologic  diagnostic  procedure  after  plain  skull 
films.  Rarely,  it  has  been  the  only  stufly  obtained  before  neuro.^urgery. 


DIAGNOSIXG  BEXIGX  AND  MALIGXAXT  IXTRACRAXIAL  DISEASE 


525 


By  comparing  pre-opcrativc  and  post-operative  scans,  the  follow-up  of 
patients  after  surgery  and  radiotherapy  has  been  simplified.  The  diagnosis  of 
metastatic  intracranial  disease  in  patients  with  known  extracranial  primary 
neoplasms  has  also  been  made  less  onerous. 


Fig.  12.  (B)  Anteroposterior  scan  shows  corresponding  relatively  superficial  tumor.  Left 
anteroposterior  cerebral  angiogram  reveals  slight  shift  of  anterior  cerebral  artery.  Scans 
used  as  guide  for  bone  flap.  Glioblastoma. 


SUMMARY  AXD  COXCLUSIOX 

Recent  developments  in  scanning  devices  are  discussed,  together  with 
physical,  biological  and  practical  advantages  of  Hg-°-^  Neohydrin  for  use  in 
brain  abnormality  detection.  A  method  of  photoscanning  with  this  compound 
is  described  in  detail.  Characteristics  of  normality,  neoplastic  and  non-neo- 
plastic  processes  are  discussed,  based  on  the  authors  experience  with  319 
cases,  including  63  tumors  and  18  benign  cases.  Advantages  and  limitations 
of  the  procedure  are  considered.  Mercury-°^  Neohydrin  brain  photoscanning 
is  recommended  as  a  valuable  tool  in  the  diagnosis  and  follow-up  of  patients 
with  intracranial  disease. 

ACKNOWT.EDGMEXT 

The  authors  are  grateful  to  the  following  for  permission  to  include  their 
patients  in  this  report:  George  L.  Becker,  Jr.,  M.D.,  H.  Louis  Chodosh,  M.D., 
Georges  P.  Dauzier,  M.D.,  Abraham  S.  Effron,  INI.D.,  M.  Bernard  Winkler, 
M.  D.  Drs.  Becker,  Jr.  and  Winkler  kindly  reviewed  the  manuscript  and  made 
many  helpful  suggestions.  j\Irs.  IMiriam  Lieberman  provided  invaluable 
secretarial  assistance.  Miss  Dorothy  Finamore  made  important  technical  contri- 
butions. 


526  C.   ZIMMERMAN  AND  S.  (;.  BLI  ESTEIN 

REFERENCES 

1.  Moore.  G.  E.:  Use  of  Radioactive  Diiodofluoie.-cpin  in  Diagnosis  and  Localization  of 

Brain  Tumors.  Science,  107  :  569.  1948. 

2.  Cliou,  S.  X.,  and  French,  L.  A.:  Graphic  Interpretation  of  Isotope  Localization  of 

Intracranial  Lesion,-;.  J.  Neiirosurg..  14:  421,  1957. 

3.  Bender,  M.  A.,  and  Blau,  M.:  Medical  Radioisotope  Scanning.  Vienna,  International 

Atomic  Energy  Commis.sion  Publication.  1959,  p.  31. 

4.  Jacobson,  L.  E.,  Miller,  W.  N.,  Hillsinger,  W.  R.,  and  Einstein,  F.  S.:  The  Use  of 

"Tumor"  and  "Brain"  Phantoms  in  the  Interpretation  of  Positron  Annihila- 
tion and  Unbalance  Scans  of  Brain  Tumors.  Am.  J.  Roentgenol.,  88  :  339.  1962. 

5.  Matthews.  C.  M.  E.:  Comparison  of  Coincidence  Counting  and  Focusing  Collimators 

with  Various  Isotopes  in  Brain  Tumor  Detection.  Brit.  J.  Radiol.,  37  :  531,  1964. 

6.  Blau.  M.,  and  Bender,  M.  A.:  Radiomercur>'  (Hg^")  Neohydrin:  A  New  Agent  for 

Brain  Tumor  Localization.  J.  Nuclear  Med.,  3  :  83,  1962. 

7.  McAfee,  J.  G.,  and  Taxdal,  D.  R.:  Compari.«on  of  Radioactive  Scanning  with  Cere- 

bral Angiography  and  Air  Studies  in  Brain  Tumor  Localization.  Radiology,  77: 
207,  1961. 

8.  Schlesinger,  E.  B.,  de  Boves,  S..  and  Taveras,  J.:  Localization  of  Brain  Tumors  L'sing 

Radioiodinated  Human  Serum  Albumin.  Am.  J.  Roentgenol.,  87:  449.  1962. 

9.  Tauxe.  W.  N..  Pitlyk.  P.  J.,  Sedlack,  R.  E.,  Kerr,  F.  W.  L.,  and  Svien.  H.  J.:  Localiza- 

tion of  Brain  Tumors  with  I''"  Labeled  Polyvinyli)yrrolidone.  J.  Nuclear  Med., 
4 :  185,  1963. 

10.  Croll.  M.  N.,  Brady,  L.  \V.,  and  Hand.  B.  M.:  Brain  Tumor  Localization  Utilizing 

Mercury""".  Radiology,  78  :  635,  1962. 

11.  Greenlaw,  R.  H.,  and  Quaife,  M.:  Retention  of  Neohydrin-Hg^**  as  Determined  with 

a  Total-Body  Scintillation  Counter.  Radiology,  78  :  970,  1962. 

12.  Sodee,  D.  B.:  The  Results  of  350  Brain  Scans  with  Radioactive  Mercurial  Diuretics. 

J.  Nuclear  Med.,  4:  185,  1963. 

13.  Long,  G.:   Cited  by  Mc.\fee.  J.  G.:   Comparison  of  Radioisotope  Scanning  with 

Cerebral  Angiography  and  Air  Studies  in  Brain  Tumor  Localization.  Radiology-, 
77:  207,  1961. 
Radiolog>-,  77:  207,  1961. 

14.  Herring,  C.  E.:  A  Universal  Photorecording  System  for  Radioisotope  Area  Scanners. 

J.  Nuclear  Med.,  1 :  83,  1960. 

15.  Brinkman,  C.  A.,  Wegst,  A.  Y.  and  Kahn,  E.  A.:  Brain  Scanning  witli  Mercury"^ 

Labeled  Neohydrin.  J.  Neurosurg.,  19  :  644,  1962. 

16.  McGinni-s  K.  D.,  Eyler,  W.  E.,  du  Sault,  L.,  and  Kriston,  K.:   Mercuiy^"  Brain 

Scanning;  a  Method  of  Clinical  Classification.  Radiology-,  80:  264,  1963. 

17.  Bakay,  L.:  The  Blood-Brain  Barrier  with  Special  Regard  to  the  U.se  of  Radioactive 

Isotopes.  S])ringfield :  Charles  C.  Thomas,  1956. 

18.  Kramer,  S.,  and  Rovit,  R.  L.:  The  Value  of  Hg^""  Brain  .Scans  in  Patients  with  Intracranial 

Hematomas.  Radiologj-,  83  :  903,  1964. 


JOUR  \  A  I.     ()  K     M  O  U  \  T     S  I  N  A  1     H  <)  S  P  I  T  A  L  •  V  ()  L  .     X  \  X  I  I  ■  N  ()  .  ') 


KISA  Bruin  Sraiiniiig 

.MrHHAY  lU  DAIilX,  M.D. 

\,  u-  York.  .V.  )'. 

IXTRODrCTlOX   AXl)   HISTORICAL  HACKllRUrXl) 

Wi(l(>f;prc;ul  t'xpci-iciicc  with  hi'aiii  scanning  owv  the  ])ast  (Iccatlc  lias  sliown 
that  radioisotope  tcchniciiu's  are  of  vahie  in  the  diagnosis  of  intracranial 
disease.  Altliough  neo|)hisnis  are  the  most  commonly  detected  intracranial 
lesions,  the  presence  of  hematomas,  abscesses,  and  arteriovenous  malforma- 
tions can  l)e  established  by  brain  scanninij;  as  well.  A  variety  of  other  condi- 
tions not  actually  associated  with  the  prt'sence  of  a  mass,  in  particular  le- 
sions secondary  to  occhisi\-e  ceicbiovascular  disease,  may  also  be  detected  by 
means  of  radioisotope  examinations.  ( 1-7) 

Brain  scanning  is  relati\-ely  innocuous"'-'.  Unlike  angiography  or  jmeumoen- 
cephalography,  examinations  perfoiined  with  radioisotopes  permit  the  clinician 
to  gather  valuable  infoi-mation  without  fear  of  complications.  No  special 
precautions  are  neccs.-ary,  and  hospitalization  of  the  ])atient  is  not  reriuired. 

(ieorge  Moore  first  inti'oduced  the  use  of  radioisotopes  foi-  the  diagnosis  of 
intracranial  disease  in  1947  (8l.  He  had  oi-iginally  made  the  obser\-ation  that 
brain  tumors  and  certain  other  ])athological  tissues  woidd  selectively  take  up 
and  retain  the  dye  substance  sodiiun  fluorescein,  permitting  him  to  identify  brain 
tumors  at  surgeiy  by  tlu'ir  fluorescence  on  exposure'  to  ultraviolet  light.  Exploit- 
ing this  knowledge,  Moore  set  about  to  diagnose  the  presence  of  intracranial  le- 
sions by  ])urely  external  means.  He  tagged  fluorescein  with  a  gamma-emitting 
radioisotope  and  administered  the  substance  intravenously,  recording  the  radio- 
activity over  symmetrical  regions  of  tlu-  patient's  head  with  a  ( ;eigei--Muellei- 
counter.  He  interi)i-eted  an  asyuunetrical  increase  in  radioactivity  as  an  atmor- 
mality. 

By  1951,  with  somewhat  im|)i'oved  instrumentation,  Mooic  reported  that 
he  had  correctly  localized  seventeen  of  twenty-six  verified  biain  tumors;  how- 
ever he  also  diagnosed  a  numl)er  of  normal  cases  in  his  seiies  as  having 
abnormal  radioisotope  studies  l9).  Brain  scanning  was  introdiu'ed  at  The 
Mount  Sinai  Hos|)ita!  in  the  same  year,  but  because  the  method  was  found 
to  give  unreliable  results,  the  procedui-e  was  discontinued  within  two  years. 

From  tlic  Depart mcni  (if  Xi  urolofjy  and  Tlic  Antlre  Me.vcr  Dcpail incnt  of  Physics, 
The  Mount  Sinai  Hospital  New  York,  X.  Y. 

Pre.spnted  in  part  at  the  Symposium  on  the  l"se  of  Radioisotoiies  Teclinuiues  in  Medi- 
cine, Section  on  Internal  Me<licine,  New  York  State  Medical  Society  Convention,  FeVjru- 
ary,  18,  1965. 

*  Five  microcuries  per  kilofjrani  of  HIS.\  gi\-es  a  whole  hody  radiation  dose  of  api)roxi- 
mately  .6  rad.  for  instance. 
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Altliontrli  some  early  invcsti^iators  reportt'd  a  liigh  (Ic^icc  of  success 
with  radioactive  diiodofluorescein  (DIF),  subsequent  studies  l)y  other 
investigators  confirmed  that  oininnnn  localization  of  abnormal  concent la- 
tions  of  radioactivity  coidd  not  be  satisfactorily  achieved  with  mi'thods  and 
materials  then  available  (10.  111. 

The  successful  refinement  of  detection  and  recording  devices  to  automatic 
instruments  of  high  sensitivity  and  reliability  together  with  the  introduction 
of  more  suitable  tracer  substances  has  served  to  change  this  original  im- 
pression and  to  bring  about  a  resurgence  of  interest  in  brain  scanning  (6i. 

MKTIIOUS  AM)  MATKKIAI.S 

This  report  is  based  on  the  brain  scans  of  461  i)atients  suspected  of  having 
intracranial  lesions  who  were  referred  for  radioisotope  examinations  by 
staff  meml)ers  of  The  Mount  Sinai  Hospital  between  December  3,  1963.  and 
January  18.  1965.  Forty-three  follow-uj)  studies  were  also  jjerformed  on  these 
patients  during  the  same  period.  All  the  studies  were  made  with  ladioiodinated 
human  serum  albumin  (RISA). 

RISA  was  introduced  for  the  detection  and  localization  of  intracranial 
lesions  in  1951  (12i.  It  was  found  to  l)e  sujierior  to  DIF  because  of  its  longer 
biological  half-life  and  its  tendency  to  accumulate  in  diseased  tis.sue  in 
increasing  amounts  over  a  period  of  hours  and  days. 

Patients  received  5  /.c  kg  of  RISA  intravenously  and  were  scanned  both 
immediately  following  the  administration  of  the  tracer  agent  and  again  after 
48  hours.  A  few  patients  were  scannetl  only  at  24  hours.  Lugol's  solution 
was  administered  orally  both  prior  to  and  <hu-ing  the  examination  period 
in  order  to  block  thyroidal  uptake  of  uni)oun(l  radioiodine. 

Patients  were  .scanned  both  in  the  anterior  and  lateral  positions.  Patients 
who  could  tolerate  lying  on  their  chests  were  scanned  in  the  posterior  posi- 
tion when  clinically  indicated.  Scans  were  made  with  a  Picker  Magna- 
Scanner  II  e(|uipped  with  a  three  inch  crystal  and  a  i)hotorecorder. 

A  fairly  constant  counting  rate  of  from  600  cpm  to  1,000  c\)\n  was  ob- 
tained over  the  nasion  of  i)atients  in  the  anterior  position.  There  was  only 
a  slight  variation  between  the  counting  rates  at  the  time  of  the  inunediate 
and  rlelayed  scans.  The  counting  rate  over  the  nasion  was  utilized  to  set  the 
intensity  of  the  photo  scan,  .serving  to  make  the  area  of  the  nasion  the 
darkest  area  on  the  photo  scan  in  most  ca.ses. 

Lantlmark  <lots  were  places  over  the  nasion  and  over  the  tragus  of  the  ear 
with  the  patient  in  the  anterior  position.  In  the  lateral  jiosition,  the  nasion, 
external  auditory  meatus,  and  the  inion  were  used  as  landmarks.  In  the 
jiosterior  position,  the  middle  of  the  rim  of  the  foramen  magnum  and  the 
mid  position  of  the  pinna  were  used  a>  the  reference  i)oints  (Fig.  1  I. 

Scrui)ulous  care  was  taken  to  prevent  rotation  of  the  head  in  oider  to 
obtain  true  anterior-posterior  and  lateral  ])ositinning.  Pre.s.sure  tape  wa>  ap- 
plicfl  acro.ss  the  forehead  and  across  the  chin  to  immobilize  the  head. 
Patients  were  urgerl  to  doze  or  sleep  when  po»ihl<  .  Sedation  was  cinployed 
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only  on  rare  occasions.  The  li'ngth  of  tlic  examination  was  anywlicrc  fioni 
one  hour  to  an  hoiu-  and  one  half.  Additional  views  lenjithened  the  scannin<>; 
time  accordingly. 

THK  XOK.MAL   RISV   HKAIX  SCAX 

Scans  performed  innnediately  following  tlie  administration  of  lUSA  reflect 
the  essentially  intravascidar  localization  of  the  tracer  a<j;ent  at  that  tinu'.  The 

THE  MOUNT  SINAI  HOSPITAL 
NEW  YORK 

RADIO-ISOTOPE 
BRAIN  SCAN  REPORT 


ISOTOPE: 

DATE(S)  SCANNED: 

AMOUNT  INJECTED: 

SCAN  NUMBER: 

DATE  INJECTED: 

DATE  OF  REPORT: 

Vu..  1.  Rri)oit  form  illu.^tiatinji  antciiDr  and  lateral  scan  iiositions  with  landmark  dots. 
.Ml  latf'ial  scans  arc  shown  facing  to  the  right  as  in  the  diagram. 

major  vascular  channels  of  the  brain  and  the  soft  tissues  at  the  base  of  the  skull 
are  visualized  as  dense  concentrations  of  radioactivity  (Figs.  2A,  2B). 

In  anterior  or  posterior  scans,  the  superior  sagittal  sinus  is .  clearly  de- 
lineated at  the  vertex  of  the  skull.  The  middle  cerebial  c()mi)lex  lying  in 
the  Sylvian  fissure  can  be  visualized  approximately  midway  along  the 
convexity  of  either  cerebral  hemisphere  where  there  is  a  relatively  focal  in- 
crease in  the  amount  of  radioactivity  prcM-nt.  There  is  a  relative  paucity  of 
radioactivity  over  the  more  central  i)ortions  of  the  hemispheres  when 
conipared  with  the  convexities.  The  dense  radioactivity  at  the  base  of  the 


Name /Sex/Age 
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Hosp.  No. 
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t^kull  in  I'itlu-r  tin-  anterior  or  i)o:<terior  view  is  often  asynnnetrioal  in  the 
normal  8can.  The  dominant  hiteral  sinvis.  usually  the  riji;ht.  can  he  made 
out  on  the  potitorior  view. 

The  normal  immediate  lateral  .scan  again  demonstrates  the  superior  sagittal 
sinus  rather  jirominently,  this  time  as  it  courses  posteriorly,  increasing  in  in- 
tensity as  it  receives  major  contributions  from  draining  cortical  veins.  The 
confluence  of  great  veins  is  visualized  midway  between  the  inion  and  the 
external  auditory  meatus.  The  more  central  i)ortions  of  the  lateral  hem- 
isjiheres  as  well  as  the  structures  of  the  i)osterior  fossa  below  the  torcular  again 
reveal  a  relative  paucity  of  radioactivity.  Midway  between  the  nasion 
and  the  external  auditory  meatus  a  focal  concentration  of  radioactivity 
representing  the  vascvUature  of  the  Sylvian  fissure,  this  time  seen  on  lateral 
view,  extends  ui)war(l  from  the  base  of  the  skull  in  the  shajx-  of  a  ])yranii(l. 


1  11..  2.  .Xonual  iiiiiiK  liiaii-  lAj  anterior  and  (H)  hiK  ial  M  an.-. 


The  base  of  the  pyramid  merges  with  the  very  flense  radioactivity  at  the 
base  of  the  skull  itself. 

Normal  scans  performed  24  or  48  hoins  after  administration  of  RISA  dem- 
onstrate subtle  changes  when  compared  with  the  more  innnediate  studies 
(Figs.  3A,  3B).  Although  the  vascular  channels  still  dominate  the  scan, 
the  relative  intensity  of  radioactivity  in  these  structures  is  not  as  striking 
as  on  the  immediate  scan.  On  either  anterior,  posterior,  or  lateral  views,  the 
vessels  of  the  Sylvian  fissure  are  not  as  easily  made  out,  but  the  cerebral 
convexities  still  reveal  a  slight,  but  rlefinite  increase  in  activity  when 
compared  witli  the  more  central  portions  of  the  cerel)ral  heiiiispheres 
themselves. 

TlIK  .\H.\()KM.\I.  liK.XI.N   S(  A.\ 

The  concentrations  of  radioactivity  visualized  on  the  normal  brain  scan 
have  been  shown  to  correspond  to  the  vascular  network  of  the  brain  and  the 
soft  tissues  about  the  skull.  Normal  brain  tissue  itself  takes  up  relatively 
little  of  the  tracer  agents  commonly  used  for  brain  scanning.  On  the  other 
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hand,  the  iij)takt'  of  ti'uccr  substances  by  ])ath()l()<i;ically  altered  tissues  in  the 
brain  is  inci-eased.  AUhous^h  the  exact  mechanism  \vhei-el)y  tracer  sub- 
stances mi<j;rate  into  tumorous  or  (hseased  tissue  is  luiknown,  the  net 
effect  is  to  |)r()duce  a  concentration  of  I'aihoactivity  in  a-location  where  no 
such  concenti'ation  normally  is  found  to  occur.  Al)noi'mal  concenti'ations  of 
radioactivity  may  l)e  visiudized  as  disci-ete  oi'  diffuse  lesions,  de])endin^  u|)on 
the  nature  and  volume  of  ])atholo<j;ical  involvement. 

TIIK   C'LIXICAL   IMl'ORTAXCK  OF   HKAIX  SCAX.MNC 

Jirain  scanning  is  most  useful  as  a  screenin.ii;  |)roce<lui'e  in  the  e\-aluation  of 
j)atients  suspected  of  harbouiiui^  intracraiual  disease.  It  is  pai'ticulai'ly 
valuable  in  cases  whei'e  clinical  sio;ns  and  symi)toms  do  not  indicate  cleai'cut 
in\-()l\-ement  of  one  side  of  the  brain  or  tiie  other. 


Fic.  3.  \ormal  dolayod  (48  hr.)  (A)  ■•lutoriui-  and  (B)  lateral  scans. 


Since  the  entire  brain  can  he  examined  at  the  time  scanning  is  performed, 
clinically  unsus])ected  areas  may  be  implicated  as  pathological.  Scanning 
may  not  only  latei-alize  disease,  but  may  demonstrate  that  multiple  areas 
exist. 

The  following  case  histoiy  will  illustrate  the  role  that  brain  scanning  played 
in  the  diagnosis  and  management  of  a  jiatient  with  a  clinically  unlocalizcd 
neurological  |)icture. 

A  65  year  old  man  pre.-^cnted  with  confusion  and  memory  loss.  Tliere  was  no  evidence 
of  focal  neurological  disease,  and  tlie  |ialienl  was  otherwise  in  fiood  lieallh.  Blood  chemis- 
tries and  x-ray.-;  of  the  chest  .ind  sknll  were  norni.al.  An  KK(  1  indicated  a  diffuse  abnor- 
mality. The  CSV  ri  x  e.iled  ,1  moderately  ele\  ated  protein  content.  .V  rifilit  ' lirachial  angio- 
gram was  considered  to  lie  witliin  normal  limits. 

A  brain  .«can  demonstrated  the  )irr'.-<ence  of  two  lesions,  one  in  tlie  left  frontal  region 
and  the  other  on  the  left  side  of  tlie  iiosterior  fo.ssa.  (Figs.  4A,B) 

A  left  carotid  angiogram  coiifirmeii  tlie  presence  of  an  a\ascul:ir  mass  in  Hie  left  frontal 
region.  iSurgery  was  proposed,  hut  in  \  iew  of  the  findings  of  the  liram  scan,  a  pneumo- 
oneephalogram  was  ]ierformed.  This  stud\-  confirm(>d  the  |iresence  of  tlie  .second  lesion  on 
the  left  side  of  the  jiosterior  fossa. 
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A  invsuinptivc  diagnosis  of  inclaslatic  iliscasc  was  made,  and  tlic  patient  was  treated 
with  ratliotlicrapy. 

Rei>pat  radioist)top('  and  contrast  studies  six  weeks  later  demonstrated  a  slight  decrease 
in  the  size  of  both  lesions. 

Brain  r^canninj?  is  a  lu'iiijin  pi-oci'duic  and  can  l)c  pcrfornicd  in  situations 
wlieri'  more  rigorous  testing  is  precluded  hy  the  patient's  clinical  condition, 
or  where  the  index  of  suspicion  is  not  sufficiently  high  to  warrant  the  explora- 
tory use  of  contrast  studii-s  to  rule  out  thi'  i)rcsence  of  demonstrable  intra- 
cranial disease. 

Because  of  the  high  incidence  of  neoplasms  and  other  tyjx-s  of  mass  le- 
sions in  patients  with  abnormal  radioisotojx'  studies,  positive  scans  are 
usually  followed  by  contrast  studies  which  may  help  elucidate  the  nature  of 


If- 

Fig.  4.  48  hour  (A)  anterior  and  (B)  left  lateral  scans  in  a  patient  with  le.sions  in  the  left 
frontal  region  and  left  po.sterior  fos.sa  (arrows).  Contrast  studies  were  eonfirniatorv. 


the  abnormality  visualized  Ijy  brain  scanning.  A  positive  scan  may  be  the  only 
indication  that  further  diagnostic  testing  will  be  worth  the  risk. 

The  following  case  history  is  illustrative  since  a  diagnosis  would  pn)l)ai)ly 
not  have  been  readily  established  without  the  use  of  the  brain  scan: 

A  54  year  old  woman  was  lio.spitalized  complaining  of  nau.sea  and  vomiting.  Seven  years 
previously,  she  had  undergone  removal  of  an  acoustie  neuroma.  A.sidc  from  her  com- 
plaints, there  wa-s  no  evidence  on  neurological  examination  to  .suggest  regrowth  of  the 
t»mK)r.  When  the  i)alient  improved  dramatically  on  hedn.st  and  intravenous  fluid  therapy, 
her  phy.sicians  were  loath  to  rei.eat  the  contrast  studies  whicli  liad  led  to  her  original 
operation. 

A  brain  scan  wa.s  |)erfornied  which  demonstrated  a  h'sion  on  tiie  right  side  of  the  pos- 
terior fo.ssa,  the  .site  of  her  prior  pathologv-.  (Fig.  5A). 

In  view  of  the  brain  .•«-an  findings,  it  was  decided  to  ].erform  a  small  posterior  fo.s.sa  air 
stiifly  to  rule  out  regrowth  of  the  tumor.  The  findings  of  tlu  I'KC  were  abnormal,  con- 
firming the  brain  .s<an  (Fig.  5B). 

-M  oi»eration,  a  large.  cy.«tic,  recurrent  tumor  was  removf d. 

The  most  tmifjue  use  of  brain  scanning  is  for  loll()w-ii|)  studies,  .-icaiis  per- 
formed over  a  period  of  weeks  or  months  may  be  |)articularly  valtial)le  in 
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the  luimaticnicnt  of  cases  where  tlie  diagnosis  is  inc()iiclusi\-e.  Since  hospitaliza- 
tion is  not  reciuired,  and  since  most  |)atients  ha\'e  no  objection  to  I'epeated 
radioisotope  examinations,  stu(hi's  ai'e  easily  acc()m|)lished  on  an  ont-|)atient 
l)asis.  The  level  of  I'adiation  exposui'e  can  he  held  within  sTich  limits  that  no 
ill  el'fects  will  result. 

Bi-ain  scanninij  may  indicate  a  focal  or  a  diffu^e  al)noi-malit>-  durin>i  the 
nioi-e  acute  phase  of  an  illness  suspt'ctcd  of  heinj^  due  to  cerehio-N'asculai- 
disease.  ln-lios])ital  studies  such  a.s  angiography  may  demonst  I'ate  the 
occlusion  of  a  blood  \'essel  in  some  cases,  yet  in  other  cases  conti'ast  stmlies 


Fk;.  0.  (A)  48  hour  right  htteral  scan  in  a  patient  with  a  recunent  acoustic  neuroma 
(arrow).         Pnciiinocncciilialograin  in  the  same  jiationt. 


may  demonstrate  no  more  than  evidence  of  a  generalized  ai'terio-sclerosis, 
and  the  patient  may  remain  a  tumor  suspect.  The  disappeai'ance  of  the 
almormality  visualized  on  the  scan  may  help  rule  out  the  i)i'esence  of  a 
inas-s  lesion. 

Scanning  may  t)e  performed  as  a  follow-u|)  measure  in  patients  who  have 
undergone  neurosurgery  or  who  lia\-e  had  radiation  therapy.  Recurrence  or 
persistence  of  an  abnormal  scan  may  be  of  |)i-ognostic  \-alue  in  the  manage- 
ment of  patients,  jiarticularly  when  the  clinical  picture  is  misleading. 

Tvv(j  jiatients  with  at)normal  brain  scans  and  confirniatorx-  coutrasi  <luihi'.<  wcic  followed 
by  rciieatfd  brain  scanning.  One  iiatient  was  treaicd  witli  raih.-ition  thcrap>-  .iml  Ix'canic 
a.symptoMiatic.  The  EEG  also  roturnod  to  norniab  Hc|ieat  scan  ihirinfi  ilus  iieriod  (Icmon- 
.strated  the  lesion  as  seen  on  the  original  .scan.  The  jiaticnt  (Iclcnoraled  .siil>,<cqucnl]y.  .\ 
metastatic   lesion   was   found   in    the   ai>]iro)iri,-itc    location    .at    I  lie    lime   of  ni'cropsy. 
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The  sc-conil  patient  improved  inarkeilly  wiilioiu  any  therapy  at  all  and  became  a.\vmp- 
tomatic.  The  diagnosis  of  an  intracranial  lesion  was  in  doubt  clinically  despite  the  fact  thai 
her  in-hospital  studies  were  abnormal.  Repeat  scan  again  confirmed  the  lesion  as  originally 
seen.  The  patient  soon  succumbed,  and  at  necropsy  a  glioblastoma  was  foimd. 

Ra(^ioi^;otol)(■  studies  may  he  indicated  even  after  the  presence  of  a  lesion 
lias  been  demonstrated  i)y  more  conventional  studies.  Localization  of  intra- 
cranial lesions  by  means  of  brain  scanning  may  often  be  su])crior  to  the  re- 
sults achieved  by  means  of  angiograi>hy  or  iineumoence])halography. 

In  angiography,  the  location  of  the  pathological  process  must  be  deduced 
from  the  disjilacement  of  normal  vascular  structures  in  the  absence  of  a 
"tumor  stain"  or  conglomeration  of  abnormal  blood  vessels.  Localization  of  a 
le.-^ion  by  means  of  pneumoencephalography  is  dependent  on  the  displacement 
of  the  gas-filled  ventricular  .system,  cisterns,  or  sidci  from  their  normal  posi- 
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A 

I-h:.  6.  48  hour  (A)  anterior  and  (B)  left  lateral  .scans  in  a  patient  with  an  astrocytoma 
involving  the  left  thalamic  region.  The  scans  were  u.sed  for  localization  purposes  at  the  time 
of  ncidle  biop.-y.  .\ngiograi)hy  indicated  a  deep  ava.-^ular  lesion. 


tions.  Excejit  where  air  actually  outlines  a  lesion,  pneumoenceidialography 
may  give  only  a  relatively  gross  idea  of  its  exact  location. 

An  abnormal  concentration  of  radioactivity  as  visualized  on  the  brain  scan 
indicates  the  actual  site  of  an  intracranial  disease  process.  In  cases  where 
angiograjihy  demonstrates  the  pre.sence  of  an  avascular  lesion,  an  abnormal 
scan  showing  a  focal,  well  circumscribed  lesion  may  be  of  exceptional  localiz- 
ing value,  particularly  if  a  needle  biopsv  through  a  burr  hole  is  planned 
(Fig.<.  6A.Bj. 

Occasionally,  deiiending  on  the  size  and  location  of  a  particular  lesion, 
brain  scanning  may  be  j)ositive  when  angiography  or  pneumoencephalography 
are  negative  or  inclefinite.  Ventriculography  may  be  necessary  to  confirm  an 
abnormality  visualizerl  on  the  brain  .scan  in  the  ca.se  of  midline  lesions  which 
obstruct  the  ventricular  sy.stem  (Figs.  7A.B  I . 

MMIT.ATIONS  or  BR.\IX  SCAXNIXf; 

Although  the  abnormal  brain  scan  almost  always  indicates  the  presence 
of  a  jiathological  firocess.  the  negative  scan,  on  the  other  hand,  does  not 
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offer  the  same  decree  of  assurance  that  disease  is  absent,  lirain  scannnig  i.s 
often  ineffe(•ti^■e  in  the  small  i)ercentai2;e  of  cases  where  lo\v-<i;i'a(le  y;lioniu.s  or 
infiltrating  tyj)(.'s  of  neo|)lasnis  are  pivsent.  In  addition,  certain  intracriinial 
mass  lesions,  depending  on  their  size  and  location,  are  particularly  liable  to 
elude  detection  by  brain  scanmng. 

Lesions  smaller  than  two  to  three  centimeters  in  diameter  are  usually  beyond 
the  resolution  of  current  instrumentation  and  often  only  the  largest  of  many 
discrete  metastatic  foci  may  be  detected.  Posterior  fossa  k'sions  are  fi'ecjuently 
overlooked  both  l)t>cause  of  tlK'ir  small  size  and  the  fact  that  they  are  difiicult 
to  distinguish  from  their  rather  considerable  backgromul  of  vascular  and  soft 
tis.sue  radiation. 

A  similar  situation  contrives  to  make  detection  of  lesions  iiivolving  the 
floor  of  the  cranial  fossa  e([ually  difficult,  even  when  these  lesions  are  rela- 


FiG.  7.  24  liour  (A)  anterior  and  (B)  left  lateral  scaii-s  in  a  patient  with  a  glioblastoma  of 
the  corpus  callosuni.  The  lesion  was  confirmed  with  ventriculography.  Angiography  wa.s  non- 
specific in  this  case. 


tively  large.  For  thi.-  reason,  pituitary  and  para-sella  tumors,  as  well  as 
other  types  of  extra-dural  growths  such  as  chordoma  and  craniopharyngioma 
are  probably  better  visualized  by  other  methods  of  examination. 

Despite  these  minor  limitations,  the  negative  brain  scan  is  still  of  consid- 
erable value  and  may  ])lay  an  imjiortant  role  in  the  management  of  the  pa- 
tient with  suspected  intracranial  disease. 

The  major  diagnostic  limitation  of  the  radioisotope  examination  is  the 
current  inability  of  tliis  technique  to  delineate  the  nature  of  the  pathologi- 
cal process  it  does  detect.  Any  of  a  variety  of  intracranial  conditions  vary- 
ing from  the  most  benign  to  the  most  malignant  types  of  disorders  may 
make  themselves  manifest  by  reflecting  an  increased  concentration  of  radio- 
isotope. 

Although  there  are  sometimes  striking  differences  in  regard  to  the  rate  of 
uptake  and  order  of  concentration  of  tracer  agents  by  different  types  of 
lesions,  .specific  diagnosis  solely  by  means  of  brain  scanning  with  radio- 
isotopes remains  a  controversial  matter  (2,  3,  51 . 
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TABLK  I 

Traill  Scan  Findings  in  79  Cases  with  Hislologicalln  Verified  Inlracranial  Neoplasms 

Brain  Scan 
Number  of  Cases   


Histology 


Positive  Negativ 


Astrocytoma  

Chondrosarcoma 
Ependymoma 

Clioblasloma  

(llioma,  mixed 
Cilioma.  unclassified 
Lymphoma 
Meniiifriciina 
Metastatic  carciiioina 
Metastatic  inelaiioina 
Pinealoina 

Schwannoma  (acoustic  neuroma j 
"Secondary"  neophism 
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RESULTS  AM)  DlSCrssiOX 

]'erific(l  (\isrs 

To  date,  84  patients  of  tlic  461  cases  scanned  liave  had  intraci-anial  lesions 
whicli  were  verified  lnst()lo<i;ically.  Scanninfi  corfcctly  localized  lesion-  in  72  of 
the  84  verified  eases.  A  nunii)iT  of  pathological  conditions  wei'c  encountered. 
Seventy-five  |)atients  pro\-e(l  to  ha\'e  various  tyjx's  of  neoplasm^.  Five  pa- 
tients had  iion-neoplastic  mass  lesions. 


M  ■ 

.  ■  "  .  .•       i.  / 
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Fig.  9.  Immediate  (X  k  B)  and  delayed  (C  &  D)  anterior  and  left  lateral  .scans  in  a 
patient  with  a  recurrent  falx  meningioma. 


A>op/a.S7».s 

Table  I  illustrates  the  results  of  brain  scanning  in  i)atients  with  verified 
intracranial  neoplasms.  JNIost  neoplasms  were  detected  on  tlie  (lelaye(i  scan. 
As  a  group,  meningiomas  tended  to  appear  on  the  innnediate  scans  anfl  to 
become  more  distinct  on  the  delayed  studies.  Occasionally,  this  was  true  of 
other  types  of  neoplasms  as  well  (Figs.  8,  9,  10) . 

Astrocytoma.  The  two  astrocytomas  not  detected  by  brain  scanning 
proved  to  be  infiltrating  tumors.  One  lesion  was  in  the  region  of  the  mid-brain. 
The  other  was  a  large,  clinically  indolent  tumor  involving  almost  the  entire 
right  hemisphere. 

Glioblastoma.  The  single  glioblastoma  not  detected  was  an  infiltrating 
growth  which  diffusely  involved  the  white  matter  of  both  sides  of  the  brain. 
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Ulionia.  itndassified.  Tlii^  was  another  clinically  indolent  tmnor  with  some 
of  the  histological  characteristics  of  an  oligo(len<lroj2;lionia. 

Meniiigioma.  All  the  supra-tcntorial  meningiomas  in  this  group  were  cor- 
rectly localized  hy  scanning.  The  two  undetected  meningiomas  were  in  the 
posterior  fossa. 


1'k,.  10.  48  lioiir  (.\)  anterior  mid  (15)  Id't  lalrral  scans  in  a  patient  witii  a  left  mc-ial 
l»ari(  tal  met a.~tal if  (l('iio.<if.  (C)  and  (D);  imcuniopncfjilialograni  in  tlic  ••^anic  case. 

Metastatic  tumors.  Metastatic  deposits  were  correctly  localized  in  20  pa- 
tients; however  a  number  of  these  jjatients  had  more  than  one  lesion.  Usually, 
only  the  largest  lesion  was  detected  in  such  cases.  Tumors  under  2-3  cm 
in  diameter  ordinarily  were  not  detected. 

Xoii-iu oplastic  Mass  Lesions 

Taijle  II  illustrates  the  brain  scan  findings  in  five  cases  with  verified  non- 
neoplastic intracranial  mass  lesions.  All  the  lesions  diagnosed  in  this  group  were 
detected  at  48  hours  (Figs.  llA.Bj. 
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Posterior  Fossa  Lesions 

Tabic  III  reviews  tlic  results  of  brain  scanning  in  the  12  patients  with  pos- 
terior fossa  lesions.  Results  in  this  group  were  disappointing.  On  the  other 
hand,  all  four  scliwannonias  (  acoustic  neuromas)  were  correctly  localized. 


TABLE  II 

Brain  Scan  Findings  in  5  Cases  with  Histologically  Verified  Xon-neoplastic 
Intracranial  Mass  Lesions 


Brain  Scan 

Histology 

Number  of  Cases 

Positive 

Negative 

2 

2 

0 

1 

1 

0 

1 

1 

0 

1 

0 

1 

Total  

5 

4 

1 

Fig.  11.  48  hour  (A)  anterior  and  (B)  left  lateral  scan.s  in  a  patient  with  a  left  .-^ided  siib- 
dural  hematoma. 

Non-verified  Cases 

X-Ray  Mass  Lesions 

Table  IV  reviews  the  results  of  brain  scans  in  69  cases  where  the  diagnosis 
of  an  intracranial  mass  lesion  was  made  on  the  basis  of  angiography  or 
pneumoencephalography.  The  presumptive  pathological  diagnosis  based  on  the 
x-ray  findings  or  other  clinical  information  is  given  where  possible.  A  num- 
ber of  cases  cannot  be  so  categorized  and  are  simply  listed  as  having  a  "mass 
lesion."  Some  of  the  patients  in  this  group  have  improved  from  both  a 
clinical  and  radiological  point  of  view.  The  other  patients  are  still  being  fol- 
lowed for  a  more  definitive  diagnosis. 
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TABLE  III 

Brain  Scan  Findings  in  the  12  Cases  with  Histologicalhi  Verified  Lesions  of 
the  Posterior  Fossa 


Brain  Scan 

Histolog>- 

Number  of  Cases 

Positive 

Negative 

Astrocvtoma  

1 

0 

1 

Kpomiviiionia   

1 

1 

0 

Meningioma   

2 

0 

2 

1 

1 

0 

Schwannoma  (acoustic  neuroma)  

4 

4 

0 

1 

0 

1 

".Secondary"  neoplasm  

1 

1 

0 

Tuberculoma  

1 

0 

1 

Total  

12 

7 

5 

TABLE  I\ 


Brain  Scan  Findings  in  69  Cases  with  X-Ray  Evidence  of  Intracranial  Mass  Lesions 


Presumptive  Diagnosis 

Number  of  Cases 

Brain 
Positive 

Scan 
Negative 

Meningioma  

4 

2 

2 

3 

1 

2 

Angle  tumor  

4 

2 

2 

22 

20 

2 

Mass  lesion  

31 

17 

14 

Subdural  

5 

4 

1 

Total  

69 

46 

23 

TABLE  \ 

Brain  Scan  Findings  in  29  Cases  with  X-Ray  Evidence  of  Vascular  Lesions 


X-Ray  Diagnosis 

Number  of  Cases 

Brain  Scan 

Positive 

Negativ 

A\-M  

6 

5 

1 

4 

0 

4 

Internal  carotid  occlusion 
Middle  cerebral  occlusion 
I'fisterior  cerebral  occlusion 

3 
3 
0 

(i 
1 
1 

Small  vessel  occlusion  

1 

3 

Arteriosclerosis  

1 

0 

Total  

29 

13 

16 
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malformation^  (AVMi  wvw  correctly  diagnosed  by  brain  .scanning.  The 
undetected  lesion  lay  in  the  jiosterior  fossa.  These  lesions  were  most  strik- 
ing on  the  immediate  scans  and  tended  to  become  less  obvious  on  delayed 
studies  (Figs.  12A-F). 

Occlusive  Vascular  Disease.  Patients  with  occlusions  of  the  internal  carotid 
artery  were  more  likely  to  have  abnormal  scans  during  the  acute  jjhase  of  their 


Fig.  13.  48  hour  (.\)  .iiiicrKir  mikI  ^B)  li  ft  laicial  .-<:in>  in  a  iiaticnt  with  an  extracranial 
occlusion  of  the  loft  luiciiial  caiotid  aitciy.  Iininc'diatc  scan  was  nonnal.  (C)  left  carotid 
arteriogram  in  the  same  ca.se.  (.\  ])neumoenceijhalogiain  rcxcalcd  no  evidence  of  a  ma~- 
lesion.) 


illness.  Most  patients  with  angiographic  evidence  of  smaller  vessel  occlu- 
sions had  negative  scans.  In  general,  the  more  profound  the  clinical  ])icture, 
the  more  likely  that  the  .scan  would  be  positive  in  this  group.  Repeated 
scanning  of  patients  with  angiograi)hically  proven  occlu.sive  vascular  dis- 
ease demonstrated  that  the  abnormality  visualized  on  the  scan  performcl 
during  the  acute  phase  would  disappear  after  a  period  of  some  weeks  des])it( 
only  slight  clinical  improvement  on  the  part  of  the  patient.  The  abnormal 
scans  .seen  in  cases  of  cerebrovascular  disease  were  not  dissimilar  from 
the  abnormal  scans  seen  with  neoplasms  or  other  mass  lesions  in  .some  casc- 
(Figs.  13,  14). 
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X-Ray  "Normals" 

180  of  188  patients  cxaiiiiiKMl  l)y  means  of  contrast  studies  and  considered 
"normal"  from  an  x-ray  point  of  view  also  had  "normal"  or  negative  brain 
scans.  Eight  patients  had  abnormal  radioisotope  studies. 

Two  patients  were  clinically  suspected  of  having  cerebrovascular  disease, 
but  angiography  failed  to  (Icnioustratc  evidence  of  occlusive  phenomena.  Re- 
peat scans  in  both  these  patients  were  negative  after  an  interval  of  some 
weeks.  Clinical  signs  and  syiuptonis  also  regressed  during  the  same  period. 

Two  patients  had  diffuse  abnormalities  on  the  side  of  a  prior  craniotomy. 

The  four  remaining  jiatients  in  this  category  still  remain  undiagnosed, 
^letastatic  disease  is  suspected  in  two  cases  with  proven  carcinoma.  In 
all  foin-  cases  the  lesion  detected  by  biain  scanning  conformed  to  the  site  of 
the  clinical  localization  oi  the  patient's  disease. 


Fk;.  14.  48  hoiii  (A)  anionor  and  (B)  right  lateral  scans  in  a  patient  with  a  complete 
occlu.sion  of  the  right  middle  cerebral  artery.  Immediate  scan  was  normal. 


Inconclusive  Cases 

69  patients  had  no  fiu'tiier  examinations  other  than  brain  scanning.  22  pa- 
tients had  incomplete  or  unsatisfactory  x-ray  studies  or  scans,  or  inconclusive 
])athological  findings. 

Table  VI  summarizes  the  results  of  brain  scanning  in  the  461  initicnts  in 
this  series. 

CONCLUSION 

In  tlie  84  verified  cases  in  this  series  to  date,  the  diagnostic  accuracy  of 
brain  scanning  with  RISA  was  86%. 

Table  VII  illustrates  the  diagnostic  accuracy  obtained  with  a  variety  of 
tracer  agents  currently  used  for  brain  scanning.  All  the  reports  are  based  on 
verified  material  (1^,  7). 

Investigators  reporting  the  highest  levels  of  accuracy  have  restricted  their 
series  to  include  only  intracerebral  and  meningeal  neoplasms.  The  lower  figures 
are  based  on  the  reports  of  investigators  who  have  cho.sen  to  include  all 
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types  ol  intriUTunial  lesions  in  tlu'ir  scrii's.  Tlu'  overall  I'esults  suggest  that 
the  choice  of  tracer  agent  does  not  influence  the  diagnostic  accuracy  of  the 
radioisotope  examination.  Meningiomas,  glioblastomas,  and  metastatic  de- 
posits have  been  universally  detected  with  an  extremely  high  degree  of 
accuracy.  Conversely,  lesions  at  the  base  of  the  skviU.  cystic  lesions,  and 


TABLE  \  I 
Results  of  Brain  Scanning  in  46'/  Patients 


Scan 

Case  Material 

Number  of  Cases 

Positive 

Negative 

\  crified  Cases  

84 

79  Neoplastic  lesions   

68 

11 

o  Xon-neoplastic  mass  lesions  

4 

1 

X()ii-\  erified  Cases  

286 

69  X-rav  mass  lesions   ~  

46 

23 

29  X-rav  vascular  lesions  

13 

16 

188  X-rav  "normals"  

8 

180 

Inconclusive  Cases  

91 

69  Brain  scans  only  

22  Unsatisfactorv  studies  

Total  

461 

TA15LK  \  11 

Accuracy  of  Diagnosis  of  I ntracrunial  Lesions  by  Brain  Sran/iiny  with  Various  Radioisotopes 


Investigator(s) 

Year 

Tracer  Agent 

Cases 
Verified 

%  Correct 

Sweet  and  Brownell  (7) 

1955 

As'*  (positron  emitter) 

131 

76 

Hi  Chiro  (2) 

1961 

RISA  (I'") 

106 

84 

Feindel  et  al.  (3) 

1962 

HISA  (P") 

45 

88 

Feindel  et  al.  (3j 

1963 

Hadio  neohydrin  (llg"'j 

88 

McAfee  and  Fueger  (4) 

1964 

RISA  (I'")" 

141 

71.5 

Afifi  el  al.  (\) 

1965 

Radio  neohydrin  (Hg'"") 

62 

84 

low  grade  gliomas  have  not  been  detectecl  with  any  appi'eciahle  accuiacy  re- 
gardless of  the  tracer  agent  emjjloyed.  Most  of  these  lesions  are  either  l)eyond 
the  resolution  of  current  detection  devices,  obscured  l)y  .superimjw.sed  back- 
grotmtl  radioactivity,  or  simply  do  not  take  u|)  suflicient  concentrations  of 
Uacer  agents  to  pemiit  detection. 

It  is  of  interest  to  note  that  Moore  originally  pointed  out  that  ast  locytoiiias 
were  tlie  mo.st  fref|uently  (•iicounteicd  nonfiuorescent  tumors  in  his  fluoicscein 
.<eries  (8 1. 

'J'he  use  of  more  sensitive  iletectioti  devir-es  ami  higher  concent lat ions  of 
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radioactivity  dciived  I'loiu  ultra-short  lived  radioisotopes  may  solve  some 
of  these  i)rohlems.  The  tlevelopment  of  new  tracer  sul)stances  with  specific 
affinities  for  different  patholof^ical  entities  would  be  of  even  moTe  importance. 

Brain  scanning  with  I'adioisotopes  has  ])roved  to  be  effective  in  the 
detection  and  localization  of  a  variety  of  intracranial  lesions.  The  fact  that 
brain  scanning  is  a  benign  procedure  suitable  for  out-patient  sciccning  and 
follow-up  studies  makes  it  of  great  value  to  the  clinician  iuxohcd  in  the 
diagnosis  and  management  of  intracranial  disease. 
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Unusual  Morphologic  Anomalies  of  Chromosomes 


F.  A.  BAUGHMAN,  Jr.,  M.D  * 
Grand  Ra/nds,  Michigan 

AND 

C.  E.  BENDA,  M.D. 
Boston,  Massachmettx 

We  wish  to  call  attention  to  striking  morphologic  chromosome  anomalit- 
encountered  in  a  patient  with  multiple  somatic  anomalies.  In  a  previou> 
communique  ll)  we  considered  the  intriguing  but  remote  possibility  that  tha- 
lidominc  was  the  responsible  agent. 

T.  was  born  on  Cyprus  in  September,  1955.  His  father  and  mother,  then 
thirty-one  and  thirty  years  of  age  respectively,  and  brothers,  then  eight  and 
ten  years  of  age,  were  all  in  excellent  health.  The  family  history  was  negative 
Four  months  before  becoming  pregnant  with  T.  CI.,  the  mother  had  ;i 
spontaneous  sixth  month  abortion.  There  was  no  record  of  an  examination 
of  the  fetus.  Her  pregnancy  with  T.  was  unremarkable  and  she  was  never 
exposed  to  significant  amounts  of  x-ray.  Specifically,  she  had  had  only  infre- 
quent diagnostic  chest  x-rays  during  her  lifetime.  In  the  summer  of  1962,  at 
the  height  of  the  thalidomine  expose,  the  parents  wrote  asserting  that  the 
mother  was  given  physician's  samples  of  Distavalf  fluring  the  first  trimester 
of  the  aborted  pregnancy  which  she  kept  and  consumed  in  the  first  trimester 
of  her  pregnancy  with  T. 

Delivery  was  at  term  and  was  uncomplicated.  Birth  weight  was  8  pounds, 
6  ounces.  The  following  somatic  anomalies  were  noted:  Enlarged  head  with 
occipital  meningoencephalocele;  hypertelorism;  hemangioma  of  the  midliiu 
face  (2 1  including  upper  lip,  nose  and  forehead;  colobomata  iridis  and  choroidea 
(3 1 ;  short  webbed  neck;  short  bulky  extremities;  short  inflex  fingers;  continuous 
palmar  creases  and  undescended  testes.  X-rays  showed  changes  in  the  i)roximal 
femoral  epipheses  suggestive  of  dypsplasia  epiphesares  punctata,  a  hypoplastic 
odontoid  process  and  fusions  between  cervical  vertebrae.  His  hemoglobin  was 
u.«ually  in  the  range  of  10.0  to  11.0  grams  but  most  other  laboratory  data 
were  normal.  The  occipital  meningoencephalocele  was  removed  shortly- 
after  birth  and  now,  at  eight  years  of  age,  he  is  grossly  mentally  retarrled 
but  ambulatory.  He  contracts  frequent  "colds"  and  ear  infections. 

Chromosomes  were  studiefl  from  the  peripheral  blood  by  the  methofl  of 
Moorehead  et  al.  (4).  Striking  morphologic  abnormalities  were  encountered: 
Elongation  and  thinning  of  arms  of  chromosomes  was  seen  in  at  least  one  chro- 
mo.some  of  25%  of  cells.  With  seeming  significant  fre(iuency,  the  affected  chro- 

•  Former  Assi.stant  Resident  in  the  Department  of  Xeurolofiy,  The  Mount  Sinai  Hospital, 
Xew  York,  N.  Y. 

t  Distillers  Company  I.iinitcd,  London,  brand  of  thalidomide. 
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inosoinc  could  l)c'  idcntifit'd  as  a  tiroup  A  autosome.  Often,  however,  afl'ected 
clu-oniosouies  could  not  he  sat istactorily  classified.  Additionally,  isochi-oniatic 
breaks  were  seen  in  at  least  one  chroiuo.-oine  in  II',  of  cells  and  the  arms  of 
chromosomes  were  apparently  running  or  stickinij;  to^ethei-  in  2?"'^  of  cells.  These 
morphologic  findings  are  based  on  the  microscoi)ic  examination  of  fifty-six  con- 
.sccutive  metaphasc  spreads.  Twenty-four  consecutive  metaphase  plates  were 
then  karyotyped  and  it  was  found  that  six  or  25'^^  had  an  abnormal  complement 


Fig.  1 


of  sex  chromosomes.  Thus,  five  cells  were  of  an  XXY  constitution,  one  was  XX 
and  the  remainder  were  XY.  Of  interest  was  the  Ixdated  finding  of  a  5%  occur- 
rence of  polymorphonuclear  drumsticks,  for  the  buccal  .smear  was  only  1%  sex 
chromatin  positive.  A  study  of  the  bone  marrow  several  months  later  revealed 
similar  elongation  and  thinning  anomalies. 

There  are  a  number  of  reasons  to  believe  that  these  morphologic  anomalies 
are  not  artefactual:  1.  Mor])hologic  changes  of  this  .sort  had  not  been 
observed  in  two  hundred  cases  pre\  iously  studied  at  this  laboratory.  2.  Ab- 
normal metajihases  were  often  found  lying  l)eside  normal  ones.  3.  Numerical 
sex  chromosome  anomalies  were  coexistent.  4.  Examination  of  the  bone 
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marrow  after  an  intcival  of  several  months  showed  identical  anomalies. 
Neither  was  the  plicnotype  incompatible  with  visible  chromosome  defects. 

It  was  firmly  contt'nded  that  the  mother  ct)nsinned  thalidomide  early  in 
pregnancy.  Also,  certain  of  the  ])atient's  anomalies  suggested  this  cause. 


Fig.  3 


However,  the  early  date  of  the  case,  the  atypical  somatic  anomalies  and  the 
previously  unheard  of  chromosome  anomalies  (5l  made  of  this  only  an  intri- 
guing but  remote  possibility.  No  other  etiology  was  api)arent.  It  would  appear 
that  patients  with  multiple,  extreme  somatic  anomalies  due  to  thalidomide  (6) 
have  not  been  studied  cytogenetically.  Aside  from  breaks  and  chromosome  ad- 
hesiveness, we  are  unawaie  of  the  presently  reported  morphologic  chromosome 
anomalies  in  neojilasia  or  irradiated  tissues. 
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The  Adrenal  Cortex  and  External  Pancreatic  Secretion 
in  the  Dog 

O.  M.  TISCOKNIA,  M.U.,  J.  HANSKY,  M.D.,  H.  D.  JANOWITZ,  M.D., 
A.\D  D.  A.  DREILIXG,  M.D. 

yiew  York,  X.  Y. 

The  effect  of  adrenocortical  hormones  on  gastiic  secretion  is  well  docu- 
mented (1)  but  not  at  all  clearly  elucidated.  Although  tlu'  action  of  these  hor- 
mones on  pancreatic  secretion  has  not  hccn  a>  fully  studied,  the  variance  in 
opinion  of  observers,  botli  in  human  and  t-xpci  imrntal  studies,  is  as  '^wM. 

In  man,  Pfeffer  and  Hinton  (2i  studied  the  i-U'ects  of  hydrocortisone  and 
ACTH  in  50  patients  subjected  to  the  ^cretin  test;  and  found  that  these  hor- 
mones had  no  effect  on  bicarbonate  or  ^•olume,  but  gave  a  low  normal  output 
of  amylase.  Dreiling,  .Janowitz  and  Rolbin  (3 1  on  the  other  hand,  have  dem- 
onstrated that  ACTH  and  hydrocortisone  statistically  diminished  the  sponta- 
neous fiow,  bicarbonate  and  amylase  secretion  in  their  subjects. 

In  experimental  animals,  two  recent  ])apers  have  attempted  to  delineate  the 
effects  of  these  hormones  on  pancreatic  secretion.  Sircus  (4)  studied  dogs  with 
chronic  duodenal  fistulae  and  found  that  cortisone  and  hydrocortisone  given 
acutely,  increased  the  concentration  and  outjnit  of  bicarbonate  in  pancreatic 
secretion;  whereas  chronic  cortisone  administiation  gave  a  diminished  bi- 
carbonate response.  In  both  acute  and  chronic  experiments,  cortisone  and 
Cortisol  produced  an  increased  output  of  amylase  and  trypsin.  Nelp  and  co- 
workers (5)  again  studied  the  effects  of  cortisone  on  pancreatic  function  in 
chronic  fistula  dogs  in  response  to  secretin-pancreozymin  and  food,  and  found 
no  change  in  amylase,  l)icarbonate  or  chloride  concentration  but  a  rise  in  vol- 
ume output  with  secretin  and  pancreozymin.  On  the  other  hand,  when  a  meal 
was  used  as  the  stimulus,  there  was  an  increase  in  flow  rate  and  bicarbonate 
concentration,  but  a  decrease  in  amylase. 

We  have  recently  described  (6,  71,  the  determination  of  a  maximal  response 
of  the  dog  pancreas  to  both  secretin  and  pancreozymin.  This  method  affords 
good  reproducibility  of  restdts,  and  it  was  decided  to  apply  maximal  stimula- 
tion to  studies  of  the  effect  of  adrenocoitical  steroids  on  exocrine  pancreatic 
function  of  the  dog.  As  well  as  deternnnin!^  the  effect  of  prolonged  cortisone, 
and  acute  Cortisol,  ACTH,  and  aldosterone,  the  effects  of  adrenalectomy  have 
also  been  studied. 

METHOD.^  AXD  M.\TERI.\L 

8  female  moniirel  dogs  weighing  between  18  and  22  kg  were  prepared  with 
chronic  ])ancreatic  fistulae  as  [neviously  described  (6),  and  were  distributed 
as  follows : 

From  The  Pancreatic  Research  Laboratory,  Department  of  Surgery,  and  The  Division 
of  Gastroenterology,  Department  of  Medicine,  The  Mount  Sinai  Hospital,  New  York,  N.  Y. 
Supported  by  NIH  Grant  i^^AM  03889-05. 
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1)  2  animals;  were  standardizcHl  witli  maximal  secretin  and  pancreozymin 
given  as  a  single  rapid  intravenous  injection.  One  dog  was  then  given  50  mg 
of  cortisone  acetate  orally  daily  for  70  days,  and  the  other  25  mg  cortisone 
acetate  daily  for  91  days.  The  response  to  a  maximal  test  was  assessed  at  two 
weekly  intervals  and  the  drug  then  rajiidly  discontinued.  Further  tests  were 
then  i)erformed  at  weekly  intervals  to  assess  any  chan;j;i'  in  function. 

2t  3  animals  were  standardized  with  maximal  and  sul)inaximal  secretin 
given  as  a  continuous  infusion,  and  the  cffi'Cts  of  cortist)]  I  hydrocortisone  I  * 
100  mg,  ACTH  40  units.t  and  aldosterinu'J.  7  inicro-ilni  kij;  tj;i\-cn  as  rapid  in- 
travenous injections  30  nunutes  juior  to  infusion  of  secretin  were  studied.  The 
ex])eriments  were  performed  in  tandem,  the  daily  response  to  secretin  being 
determined  prior  to  the  administration  of  the  adicual  liormone. 

3)  3  dogs  were  j^tandaidizcd  with  iua\iiii;d  -rcrcim  and  pancreozymin  gi\'en 
as  a  single  rapid  intravenous  injection,  ami  the  elfects  of  intravenous  Cortisol 
100  mg,  ACTH  40  units,  and  al(|()>tcr(>iu>  7  micro-dm  kg  30  minutes  before 
the  second  administration  of  secretin-pancreozymin  in  an  in  tandem  assay  of 
pancreatic  secretion. 

Bilateral  total  adrenalectomy  was  performed  in  3  dogs  which  had  been  pre- 
viously standardized.  Two  dogs  were  then  studied  with  maximal  secretin- 
pancreozymin  as  a  single  injection,  and  one  animal  with  continuous  infusion 
of  secretin  at  maximal  dosage.  The  animals  were  maintained  on  2  dm  sodiinn 
chloride  and  on  0.5-1.0  mg  DOCA  per  day,  the  DOCA  being  discontinued  for 
24  hoiu's  prior  to  each  study.  In  the  post-adrenalectomy  state,  the  effect  of 
intiavenous  Cortisol,  ACTH,  and  aldosterone  was  again  determined  in  tandem 
studies,  as  was  the  effect  of  intravenous  infusion  of  isotonic  sodium  chloride. 
After  com])letion  of  these  studies,  maintenance  therapy  was  discontinued  and 
further  studies  done  while  the  animals  progressed  to  more  comi)lete  adreno- 
cortical in.sufficicncy. 

During  the  experiments,  the  jiiociMlure  followed  was  as  that  previously  de- 
scribed (6),  the  samples  being  lollccnd  in  glass  centrifuge  tubes,  sealed  and 
innnediately  placed  in  ice.  The  bicarbonate  concentration  was  estimate(l  by 
the  manometric  Van  Slyke  method,  the  chloride  with  tlie  ("()tl()\-e  cliloiidome- 
ter,  amylase  by  a  modified  Somogyi  method  and  sodium  and  ])otassimu  with 
the  flame  ])hotometer. 

REsn/rs 

1.  Respotifse  of  the  ihxj  pdnrrcas  }(n(ler  nuLvinial  secretin  and  pdiicrcozi/n/iii 
to  the  chronic  arbninisl ral ion  of  cort isotir  dccltife.  Figure  1  shows  the  icsidts  in 
the  animal  given  50  mg  coitisone  daily.  W  hile  on  cortisone  therapy,  there  is  no 
significant  change  in  the  15  minute  volume,  and  bicarbonate  output  or  the 
maximal  bicarbonate  concentration  until  50  days  on  steroids,  when  there  is  a 
drop  in  volume.  However  there  is  a  significant  decrease  in  both  the  15  luinulc 

*  Hydrocortisone  sodium  succinate  (Upjohn), 
t  ACTH  (Parke,  Davis  &  Co.). 

+  Aldcstorone — d-aldo.'<tcrone  in  95%  etlionol  1  nig/ml  (Ciba). 
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amylase  outjmt  and  maximal  amylase  concentration,  most  marked  after  50 
days  of  tlicrapy,  but  showing  a  return  towards  normal  after  70  days  on  corti- 
sone. When  the  cortisone  was  discontinued,  the  test  at  10  days  after  cessation 
of  therapy  showed  a  marked  drop  in  volume,  bicarbonate  output  and  concen- 
tration and  amylase  concentration  and  output.  At  17  days  after  cessation, 
there  is  a  trend  towards  recovery  of  jiancreatic  function,  with  all  parameters 
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Fig.  1.  Effect  of  50  mg  Cortisone  Acetate  daily  on  maximal  pancreatic  secretion  in  re- 
sponse to  secretin  and  pancreozymin.  Volume,  bicarbonate  concentration  and  bicarbonate 
output  after  cortisone  are  compared  to  precortisone  levels  ±  2  standard  dev^iations. 


back  to  pre-treatment  levels  24  days  after  stopping  steroids,  except  that  the 
maximal  amylase  concentration  is  higher  than  the  pre-cortisone  values. 

The  pattern  of  response  in  the  animal  given  25  mg  cortisone  daily  for  91 
days  was  similar,  the  significant  changes  being  a  decrease  in  amylase  output 
which  is  most  marked  after  91  days  of  cortisone.  There  was  also  a  significant 
decrease  in  volume  and  bicarbonate  output  at  50  days  on  steroids.  In  the 
experiments  performed  at  14,  50,  70  and  91  days  on  steroids  there  was  a  signifi- 
cant increase  in  maximal  bicarbonate  concentration.  When  tested  3  days  after 
cessation  of  the  steroid,  there  was  still  a  decrease  in  amylase  output.  However 
at  10  days  after  cessation,  the  amylase  output  had  returned  to  normal  values. 
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2.  Effect  of  I.V.  Cortisol.  ACTH  and  aldosterone  on  pancreatic  secretion  in 
response  to  submaximol  continuous  infusion  of  secretin.  Figure  2  shows  the 
results  of  these  expcrinu'm>.  Cortisol  30  minutes  before  infusion  of  secretin 
had  no  statistically  significant  effect  on  volume,  bicarbonate  output  or  maximal 
bicarbonate  concentration  (p  >  .9).  ACTH  also  had  no  statistically  significant 
effect  on  the  three  parameters  studied  (j)  >  .5).  The  effect  of  aldosterone  was 
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Fig.  2.  Effect  of  intravenoii.s  Cortisol  (100  mg),  AfTII 
on  pancreatic  secretion  in  response  to  submaxiin:il  rmi- 
carbonate  output  and  concentration  responses  in  '■'>  aiiiiii. 


ind  aldosterone  (75  mg) 
ion  of  secretin.  The  bi- 
-t  rated. 


assessed  in  two  dogs  and  again  there  was  no  significant  difference  with  this  hor- 
mone (p  >  .8). 

However  when  the  results  were  assessed  on  the  basis  of  tandem  cx])criinents, 
Cortisol  tended  to  give  an  increa.se  in  volume  and  bicarbonate  output,  ACTH 
tended  towards  a  decrease  in  volume  and  bicarbonate  output,  and  aldosterone 
produced  an  increase  in  these  parameters  in  one  animal,  but  no  change  in  the 
other. 

3.  Effect  of  I.V.  Cortisol,  ACTH  and  aldosterone  on  pancreatic  secretion  in 
response  to  maximal  continuous  infusion  of  secretin.  In  these  expcrimoni 
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Cortisol  had  no  significant  effect  on  tlic  15  minute  volume,  bicarbonate  output 
or  concentration  in  the  three  clogs  (p  >  .5),  and  ACTH  ga\-e  an  increased  vol- 
ume and  bicarbonate  output  in  one  animal,  but  had  no  signitit'ant  effect  in  the 
other  dog  (p  >  .2).  Aldosterone  had  no  effect  on  these  parameters  in  one  dog, 
but  gave  a  significant  decrease  in  bicarbonate  output  and  volume  in  the  other 
animal  (p  <  .05). 

When  the  results  were  again  assessed  on  the  basis  of  tandem  experiments, 
ACTH  and  Cortisol  had  no  effect  on  maximal  volume  and  bicarbonate;  and 
aldosterone  gave  a  decrease  in  one  animal,  and  no  change  in  the  other. 
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Fig.  3.  Effect  of  intravenous  Cortisol  (100  mg),  ACTH  (40  mg),  and  aldosterone  (75  mg) 
m  response  of  the  dog  pancreas  to  maximal  single  injection  of  secretin  and  pancreozymin 
t  units/ kg  and  10  units/kg).  Volume,  bicarbonate  concentration  and  output,  and  amylase 
nncentration  and  amylase  are  illustrated  before  and  after  hormonal  administration.  , 


In  all  ex])(  rinients.  the  sodium  and  potassium  showed  no  change,  and  the 
chlondc  varied  inversely  with  the  bicarbonate.  Amylase  concentration  was  not 
c-timated  in  exi)erimcnts  employing  secretin  alone. 

-1.  The  effect  of  I.V.  Cortisol,  ACTH  and  aldosterone  on  'pancreatic  secretion 
/'  response  to  a  maximcd  single  injection  of  secretin  and  pancreozymin.  Three 
doiis  have  been  studied,  and  Figure  3  shows  the  results  of  these  experiments  in 
an  illustrative  dog.  In  response  to  Cortisol,  all  3  animals  showed  no  change  in 
1.3  minute  volume  or  amylase  output,  but  two  showed  a  rise  in  bicarbonate 
output.  With  ACTH,  there  was  no  change  in  volume,  and  one  animal  showed 
a  rise  in  bicarbonate  output  but  a  fall  in  amylase  output.  In  response  to  aldos- 
terone, two  animals  showed  no  change  but  the  third  showed  a  significant  de- 
crease in  volume,  bicarbonate  and  amylase  outputs. 


OOO  O.  M.  TISCORXIA.  J.  HA.\>KV.  H.  D.  JAXOWITZ.  AND  D.  A.  DREILIXG 


When  the  results  of  all  the  experiments  in  all  the  dogs  were  analysed,  maxi- 
mally and  siibmaximally  stimulated  pancreatic  secretion  was  not  changed  to  a 
statistically  significant  degree  by  Cortisol,  ACTH  or  aldosterone  (Table  I) . 


TABLE  I 

Acute  Effect  of  Cortisol,  ACTH  and  Aldosterone  on  Submaximal  Secretin-Stimulated 
Pancreatic  Secretion.  3  Dogs  Studied 


Prelim. 

Cortisol 

ACTH 

.Mdosterone 

No.  Tests 

Mean 

SD 

No.  Testsl 

Mean 

SD 

No.  Tests 

Mean 

SD 

1  No.  Tests 

Mean 

SD 

Vol.  (cc/15  min) 

10 

13.0 

6.02 

3 

13.4 
p  >  .9 

3.9 

3 

10.4 
p  >  .5 

3.7 

2 

15.5 
p  >  .8 

4.0 

HCO3  Cone. 
(mEq/L) 

10 

131 

12.1 

3 

132 
p  >  1.0 

7.3 

3 

127 

11.5 

2 

130 

10.0 

HCO,  output 
(mEq/15  min.) 

10 

1.69 

0.88 

3 

1.71 
p  >  1.0 

0.41 

3 

1.32 
p  >  .5 

0.58 

2 

1.87 
p  >  .5 

0.59 

Acute  Effect  of  Cortisol,  ACTH  and  Aldosterone  on  Maximal  Secretin  and  Pancreaztjm 
Stimulated  Pancreatic  Secretion.  6  Dogs  Studied 


Prelim. 

Cortisol            j  ACTH 

-Aldosterone 

No.  Tests 

Mean 

SD 

No.  Tests! 

Mean 

SD 

1 
z 

Mean 

SD 

1  No.  Tests 

Mean 

SD 

Vol.  (cc/15  min.) 

30 

22.7 

6.9 

6 

20.9 
p  >  .5 

6.5 

5 

23.4 
p  >  .5 

4.6 

5 

17.5 
p>.2 

7.5 

HCO 3  Cone. 
(mEq/L) 

28 

132 

5.8 

6 

132 

4.5 

5 

133 

7.6 

5 

132 

3.6 

HCOi  output 
(mEq/15  min) 

28 

2.92 

0.91 

6 

2.67 
p  >  .5 

0.80 

5 

2.99 
p  >  .9 

0.53 

5 

2.24 
p>.2 

1.15 

Amylase  conen. 
(Units/cc) 

13 

15.0 

1.03 

3 

14.8 

0.14 

3 

14.9 

1.40 

3 

16.3 

0.30 

Amylase  output 
(Units/15  min.) 

13 

335 

100 

3 

363 

91 

3 

325 

78 

3 

333 

177 

THE  EFFECT  OF  ADRENALECTOMY  OX  PAXCRE.ATIC  .SECRETION 

Three  animal.s  were  adrenalectomized  and  again  subjected  to  maximal  stim- 
ulation with  secretin  and  pancreozymin.  Tests  were  commenced  eight  day- 
after  adrenalectomy,  and  the  animals  studied  for  periods  ranging  from  30  to 
50  days  following  adrenalectomy.  Two  animals  were  .studied  with  maximal 
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secretin  and  pancreozymin  given  as  a  single  injection.  Figure  4  sliows  tlic  re- 
sults of  4  experiments  in  one  of  these  animals  i^ost-adrciiak'ctoniy.  In  3  ex- 
periments at  8,  22  and  29  days  after  adrenalectomy,  there  was  a  decreased  15 
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Fig.  4.  Effect  of  bilateral  adrenalectomy  on  maximal  secretin  and  pancreozymin  stimu- 
lated pancreatic  secretion.  The  graph  illustrates  the  effect  of  dextrose  and  saline  infusion, 
Cortisol,  aldosterone,  and  ACTH  on  volume,  bicarbonate  and  amylase  output,  and  upon  bi- 
carbonate and  amylase  concentration  in  the  post-adrenalectomy"  state. 

minute  volume,  hicar])onate  concentration  and  output,  and  amylase  output 
(p  <  .02).  During  these  studies,  the  infusing  fluid  was  5%  dextrose  in  water. 
Both  Cortisol  and  aldosterone,  given  intravenously,  tended  to  increase  these 
values  but  not  to  pre-adrenalectomy  le\-els.  In  the  fourth  experiment,  isotonic 
sodium  chloride  was  infused  during  the  test  period  and  here  the  response  to 
secretin  and  pancreozymin  was  normal  in  all  respects.  However  the  addition  of 
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40  units  of  ACTH  givon  intravenously,  gave  a  (ieorcasc  in  all  parameters  ex- 
cept maximum  bicarbonate  concentration,  the  most  marked  effect  being  a 
diminished  amylase  concentration  and  output  (p  >  .05).  At  autopsy  the  pan- 
creas weighed  50  Gm  and  was  macroscopically  and  microscopically  normal. 

The  second  animal  was  well  maintained  on  replacement  therapy  and  in  only 
one  test,  15  daj'^s  post-adrenalcctdtny,  did  she  show  a  significantly  diminished 
response  to  secretin  and  pancnozN min.  The  addition  of  Cortisol,  aldosterone  or 
ACTH  had  no  significant  efl'ect  on  any  of  the  parameters  studied,  but  it  is 
noteworthy  that  the  diminished  response  occurred  whilst  the  infusing  fluid  was 
5%  dextrose  in  water. 

When  replacement  therapy  was  discontinued,  tests  at  2,  5  and  9  days  after 
cessation  showed  progressive  decrease  in  vohuuc,  niaximal  bicarbonate  concen- 
tration and  output,  and  amylase  outi)Ut,  but  no  dianur  in  amylase  concentra- 
tion. The  administration  of  ACTH  in  these  experiments  caused  an  increased 
volume  and  bicarbonate  output,  a  decreased  bicarbonate  concentration  and 
little  change  in  the  amylase  concentration  or  output.  The  animal  suddenly  died 
12  days  after  cessation  of  maintenance  theiapy.  At  autopsy  the  jiancreas 
weighed  31.7  Gm  and  looked  normal.  There  was  no  evidence  of  any  adrenal  tis- 
sue. 

The  third  animal  was  studied  with  continuous  infusion  of  secretin  at  maxi- 
mal rate  (8  units/min.),  and  a  total  of  11  studies  were  performed  post  ad- 
renalectomy. Eight  were  done  while  the  dog  was  on  adequate  replacement 
therapy.  In  only  one  of  these  experiments  was  the  volume,  bicarbonate  output 
or  concentration  significantly  diminished,  and  this  occurred  with  infusion  of 
5%  dextrose  in  water  at  30  days  post  adieiialectomy.  Cortisol,  aldosterone  and 
sodium  chloride  did  not  significantly  alter  the  response  to  secretin  in  these 
studies,  but  ACTH  produced  a  significant  fall  in  volume,  bicarbonate  output 
and  concentration.  It  is  also  noticable  that  the  studies  during  which  sex  limn 
chloride  was  the  infusion,  showed  higher  values  for  all  ])aranieters  than  those 
in  which  dextrose  in  water  was  infused. 

Maintenance  therapy  was  then  withheld,  and  further  studies  performed  5, 
9  and  12  days  after  cessation  of  tli('ia|>\-  Tin  sc  tests  showed  a  progressive 
decrease  in  volume,  bicarbonate  concentration  and  bicarbonate  outjiut,  with  the 
greatest  fall  occurring  during  infusion  of  5%  dextrose  in  watn  instead  of  so- 
dium chloride.  ACTH  administration  then  caused  a  significant  fall  in  all 
parameters,  whereas  corti.sol  and  aldosterone  caused  a  relatively  small  de- 
crease. The  sodium  concentration  of  the  secretin  showed  a  progressive  fall  dur- 
ing the  post-adrenalcctomy  period,  and  the  potassium  concentration  a  slight 
rise.  The  scrum  .sodium  levels  also  progressively  fell  and  were  lowest  .just  prior 
to  death  of  the  animal,  three  weeks  after  cessation  of  replacement  therapy.  At 
autop.sy  the  animal  had  obviously  lost  weight,  but  the  pancreas  felt  and  looked 
macroscopically  normal,  with  its  weight  being  32  Gm. 

DISCUSSION 

Interest  in  the  effects  of  corticosteroids  on  the  pancreas  was  stimulated  by 
the  study  of  Carone  and  Liebow  (8)  on  i)ost  mortem  evidence  of  acute  pan- 
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ci'catitis  or  peri-pancreatic  fat  necrosis  in  16  of  54  patients  treated  with  ACTH 
or  various  steroids.  This  was  a  histolotiical  (Hagnosis  only,  since  none  of  these 
sul)jects  showed  symptoms  of  pancii'atitis.  Stumpf  and  co-worlfers  (9)  induced 
nons])ecific  acinar  changes  in  44  of  53  coi  tisone  treated  rabbits.  These  altera- 
tions were  very  similar  to  lesions  (les(  l  ibed  in  rats  and  dogs  after  ethionine 
administration,  and  in  experimental  i)ancreatitis  produced  by  other  means. 
Sporadic  case  reports  of  pancreatic  necrosis  following  cortisone  therapy  have 
appeared  in  the  literature  (10),  and  promi)ted  studies  of  the  effects  of  steroids 
on  pancreatic  secretion.  However  the  wide  variation  in  observations  have  left 
unanswered  the  nature  of  the  physiologic  effects  of  steroids  on  the  exocrine 
pancreas.  We  have"  attempted  to  resolve  some  of  thesi'  problcius  but  have  only 
been  partially  successful. 

When  cortisone  acetate  was  chronically  administered  to  our  animals,  certain 
clear-cut  changes  became  evident.  Cortisone  therapy  up  to  91  days  produced  a 
significant  decrease  in  the  amylase  output,  but  little  change  in  volume  or  bi- 
carbonate output.  Howe\er  in  the  animal  given  25  mg  cortisone  daily,  there 
was  also  an  increase  in  the  maximum  bicarbonate  concentration  during  the 
period  of  administration.  These  changes  had  all  returned  to  pre-treatment 
levels  from  2-4  weeks  after  cessation  of  the  steroid,  but  at  the  same  time  there 
was  noted  an  increase  in  amylase  concentration  and  output.  The  animal  given 
50  mg  cortisone  daily  showed  a  marked  decrease  in  all  parameters  soon  after 
cessation  of  the  steroid.  We  believe  that  these  findings  indicate  that  the  dog  was 
in  temporary  adrenal  insufficiency  at  this  time  since  subsequent  studies  showed 
complete  recovery  of  iiancreatic  function.  Our  results  diverge  from  those  of 
Sircus,  who  found  an  increased  amylase  output  on  cortisone.  However  he  was 
working  with  submaximal  stimulation  and  the  two  studies  are  not  strictly  com- 
parable. 

The  effect  of  Cortisol,  aldosterone  and  ACTH  was  less  clear  cut.  Acute 
Cortisol,  given  with  submaximal  stimulation,  showed  a  trend  to  increase  vol- 
ume, bicarbonate  output  and  concentration  but  not  to  a  statistically  significant 
degree.  It  had  no  effect  on  maximally  stimulated  secretion.  We  believe  that  this 
suggests  a  potentiating  effect  of  Cortisol  on  pancreatic  .secretion,  which  is  not 
obvious  under  conditions  of  maximal  stimulation. 

The  effects  of  ACTH  were  more  variable,  but  the  trend  was  to  decrease 
volume,  bicarbonate  concentration  and  output,  and  amylase  concentration  and 
output. 

The  response  to  aldosterone,  on  the  other  hand,  was  very  variable,  in  some 
cases  giving  an  increase  in  volume  and  bicarbonate,  in  other  cases  giving  a  de- 
crease in  these  parameters.  However  again  the  trend  for  this  hormone  was  to 
produce  a  decrease  in  the  above  parameters.  From  these  studies,  we  can  con- 
clude that  Cortisol,  ACTH  and  aldosterone  given  acutely  produce  no  significant 
effect  on  pancreatic  secretion. 

Because  of  this  variability,  we  adrenalectomized  three  animals  in  order  to 
study  the  effect  of  these  hormones  in  the  absence  of  endogenous  adrenocortical 
secretion,  and  to  also  study  the  effect  of  adrenal  insufficiency  on  pancreatic 
secretion.  Baker  (11)  had  shown  that  adrenal  insufficiency  interfered  with 
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secretory  procet^t^es  in  the  digestive  tract,  as  indicated  by  a  reduction  in  weight 
of  the  gastrointestinal  mucosa,  and  reduction  in  gastric  secretion,  which  was 
only  partially  corrected  by  DOCA  and  cortisone. 

With  the  animals  on  adequate  replacement  theraj^y,  Cortisol  and  aldosterone 
tended  to  produce  no  significant  changes  in  pancreatic  secretion,  but  ACTH 
produced  a  fall  in  volume,  bicarbonate  and  amylase  activity  in  two  of  the  three 
dogs  studied.  Adrenocortical  insufficiency  produced  a  significant  fall  in  volume 
secreted,  bicarbonate  concentration  and  output,  and  amylase  concentration  and 
output.  This  was  only  j^artially  corrected  by  Cortisol  and  aldosterone,  but  iso- 
tonic sodium  chloride  infusion  corrected  the  deficiency  in  volume  and  bicarbon- 
ate. Again  in  a  state  of  deficient  secretion,  ACTH  produced  a  further  fall  in  all 
these  parameters  in  two  of  the  three  animals  studied. 

These  findings  indicate  a  profound  effect  of  adrenocortical  in.sufficiency  on 
exocrine  pancreatic  secretion.  That  this  may  be  mediated  through  the  effect  of 
adrenocorticoids  on  blood  volume  and  electrolyte  composition  was  suggested  by 
the  partial  correction  of  this  defect  following  infusion  of  isotonic  sodium  chlo- 
ride or  the  administration  of  aldosterone.  These  changes  are  interesting  in  view 
of  the  recent  observations  (12.  13 1  of  the  occurrence  of  steatorrhoea  in  cases  of 
Addison's  disease.  The  steatorrhoea  is  believed  to  be  based  on  a  small  intestinal 
mucosal  defect,  but  our  findings  indicate  a  possible  lack  of  pancreatic  enzymes 
as  well. 

It  is  difficult  to  exi)lain  the  fall  in  volume.  l)icail)onate  and  amylase  which 
occurred  in  the  post-adrenalectomy  state  following  the  administration  of 
ACTH.  However  it  is  ajjparent  that  the  presence  of  functioning  adrenal  cortex 
is  not  a  prerequisite  for  ACTH  to  exert  its  effects  on  the  exocrine  pancreas. 
The  only  feasible  explanation  is  that  commercial  ACTH  contains  a  substance 
or  substances  which  have  a  specific  action  on  the  exocrine  pancreatic  secretion ; 
and  that  this  action  is  inapparent  in  the  presence  of  normal  adrenocortical 
function.  Engel  (14)  has  recently  discussed  the  extra-adrenal  actions  of  ACTH 
where  he  lists  proven  and  jiossible  extracortical  actions.  However  there  is  no 
notation  of  a  decreased  pancreatic  re.s])onse  under  the  influence  of  ACTH.  The 
further  elucidation  of  this  action  will  have  to  await  a  better  un(ler>taiiding  of 
some  of  these  extra-adrenal  effects  of  ACTH. 

SIMMARY 

1.  Eight  female  mongrel  dogs  w-ith  chronic  pancreatic  fistulae  have  been 
studied  with  maximal  secretin  and  pancreozymin,  and  submaximal  secretin,  to 
determine  the  action  of  corti.sone,  hj'drocortisone,  aldosterone  and  ACTH  on 
exocrine  pancreatic  secretion.  Three  animals  were  subsequently  adrenalecto- 
mized  and  also  studied  with  secretin  and  pancreozymin. 

2.  Prolonged  corti.sone  administration  caused  a  fall  in  amylase  concentration 
and  output  in  both  animals  .studied,  a  rise  in  i)i('arb()i)ate  concentration  in  one 
animal,  but  little  change  in  volume  .secreterl. 

3.  Acute  IV  Cortisol,  ACTH  or  aldosterone  gave  no  statistically  significant 
changes  with  maximal  or  submaximal  .secretin  and  pancreozymin. 
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4.  Adrenal  insufficiency  caused  a  profountl  fall  in  volume  of  juice  secreted, 
in  bicarbonate  concentration  and  output,  and  in  amylase  concentration  and 
output.  This  was  partially  corrected  by  intravenous  aldostercJne  and  by  infu- 
sion with  isotonic  sodium  chloride.  ACTH  in  the  post-adrenalectomy  state 
caused  a  further  decrease  in  all  parameters  studied  whereas  Cortisol  had  no 
effect  in  these  animals. 
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Prolonged  SiirWval  After  Respiratory  Insuffieieney 
with  Papilledenui 


(A  Case  Report  and  Review  of  the  Literature) 

AI.BKRT  MILLER.  ^LD.* 
IXTRODVCTIOX 

Papilledema  as;  a  complication  of  chronic  pulmonary  disease  has  been  fre- 
ciuently  reported  in  the  past  two  decades,  and  its  pathophysiology'  has  been 
elucidated.  Long  considered  a  grave  prognostic  sign,  it  has  recently  been  em- 
phasized tliat,  by  halting  the  progression  of  the  underlying  i)ulmonary  disease, 
patients  with  papilledema  may  survive  for  a  long  [leriod  of  time  (1-3).  We 
have  had  the  opportunity  of  following  such  a  patient  for  over  six  years  since  an 
episode  of  respiraton,-  acidosis  with  papilledema. 

As  recovery  from  acute  infection  in  chronic  pulmonary  disease  is  so  often 
possible  today,  and  more  patients  therefore  reach  an  endstage  of  severe  respira- 
tory insufficiency,  papilledema  is  seen  more  frequently  in  lung  disease  and  an 
appreciation  of  its  changed  prognostic  significance  is  of  importance. 

CASE  REPORT 

This  74  year  old  white  retired  Army  regular  was  admitted  to  the  Coral 
Gables  Veterans  Administration  Hospital  on  Februan.-  5,  1958.  with  somno- 
lence present  for  several  hours,  cyanosis  and  eraesis  for  several  days,  and  fever 
and  cough  productive  of  rusty  yellow  sputum  for  two  weeks.  He  had  smoked 
four  packs  of  cigarettes  and  consumed  a  case  of  beer  or  quart  of  whiskey  each 
day  of  his  adult  life. 

On  admission  physical  examination,  he  was  noted  to  be  acutely  and 
chronically  ill,  obese,  dyspneic.  cyanotic,  confused  and  retching.  Pulse  rate  was 
108  per  min.  temperature  102.4°F.  There  was  papilledema  with  engorged  and 
tortuous  retinal  veins.  Examination  of  the  chest  showed  increased  anteropos- 
terior diameter,  poor  excursion,  markedly  decreased  breath  sounds  and  fremi- 
tus, and  coarse  rales  and  rhonchi.  Heart  tones  were  distant,  the  liver  was  en- 
larged and  nontender  and  the  epigastrium  was  tender. 

Admission  hemoglobin  was  17.5  Gm%.  hematocrit  63%.  scrum  sodium  132 
mEq/L.  potassium  2.7  mEq/L,  chloride  76  mEq/L  and  bicarbonate  (venous) 
44  mEq  L.  Tests  of  liver  function  were  normal.  Chest  roentgenogram  revealed 
linear  and  nodular  infiltrates  bilaterally.  Electrocardiogram  indicated  right 
bundle  branch  block,  and  right  atrial  hypertrophy.  Sputum  culture  grew  Pseu- 
domonas. 

Treatment  with  bronchodilators,  alevaire,  antibiotics,  intermittent  positive 

*  Work  done  as  Surgeon,  U.  S.  Public  Health  Service,  Miami,  Florida.  Current  address: 
The  Department  of  Medicine  and  Pulmonarj-  Phy.«iolog>-  Laborator>-.  The  Mount  Sinai 
Sen  ices  at  City  Hospital  Center,  Elmhurst,  Queens,  X.  Y. 
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l)n's.'<ure  and  a  cofflator  was  instituted.  The  jiatient  vomited  coffee  ground  ma- 
terial, became  abusive  and  agitated.  On  February  seventh,  tracheostomy,  and 
on  February  eighth,  phlebotomy  were  performed.  By  FebrTiary  tenth,  scn- 
sorium  had  cleared  and  cyanosis  decreased.  Progressive  improvement  con- 
tinued. The  tracheostomy  was  corked  on  February  14  and  closed  on  Fel)ruary 
28.  On  March  3.  venous  bicaihonate  was  25  niTvi  L.  Follow-up  chest  x-iay 
showed  generalized  radioluccncy.  widened  intercostal  s])accs  and  slight  reticu- 
lar fibrosis,  but  clearing  of  the  previous  infiltrates.  At  discharge  on  ?klarch  12, 
the  patient  had  no  neurologic  symptoms  and  icw  rcs|)ii  at()ry  symptoms. 

He  has  been  followed  at  the  U.  S.  Public  Health  Service  Out-patient  Clinic 
in  Miami  since  his  discharge,  on  a  regimen  of  postural  drainage,  breathing 
exercises,  jirophylactic  antibiotics,  bronchodilators,  bronchodetergents,  potas- 
sium iodide  and  intermittent  positivi-  picssui'c  l)reathing.  Except  for  a  period 
in  1959  of  increased  dyspnea  and  cough  associated  with  lethargy  and  a  rise  in 
the  venous  COo  combining  ])ower  to  84.3  volumes  per  cent,  for  which  therapy 
was  intensified  and  corticosteroids  and  phlebotomy  briefly  employed,  he  has 
done  well.  He  has  moderate  dyspnea  on  exei  tion,  and  slight  cough  jji'oductive  of 
scant  sputum.  He  is  alert  and  modi'rately  active.  On  physical  examination,  he 
has  not  changed  significantly  since  discharge  in  1958.  The  optic  discs  are  jiink 
and  sharp,  the  retinal  veins  slightly  distended  and  tortuous.  Electrocardio- 
grams no  longer  show  right  atrial  hypertrojihy.  and  the  heart  remains  normal 
on  roentgenographic  examination. 

(This  is  an  elderly  man  with  a  typical  history  of  obstmctive  pulmonary 
disease  with  infection.  Since  an  episode  of  respiratory  acidosis  with  cor  pul- 
monale, neurologic  changes  and  jKipilledema  in  early  1958.  he  has  remained 
stable  and  independent  and  required  no  further  hos])ital  care.) 

DISCUSSIOX 

Stevens,  Austen  and  Knowles  (ll,  on  theii'  follow-up  of  three  previously  re- 
ported cases  of  respiratory  insufficiency  with  i)apilledema  (4),  noted  the  pa- 
tients to  be  living  six  years  later.  Two  cases  had  required  rehospitalization 
with  acute  respiratory  insufficiency,  cor  i)ulmonale  and  papilledema,  which  had 
again  improved.  The  authors  reviewed  twenty  cases  of  papilledema  associated 
with  chronic  pulmonary  disease  previously  re])orted  in  the  literature.  Only  nine 
had  follow-u]:)  data.  Of  these,  five  died  within  five  months  of  onset  of  papille- 
dema, and  the  remaining  four  within  two  years. 

Review  of  fifteen  additional  cases  of  chronic  respiratory  insufficiency  with 
papilledema  (Table  II I  revealed  that  seven  died  within  24  months  of  the  first 
appearance  of  papilledema,  three  recovered  during  the  initial  hospitalization 
but  had  no  further  follow-up  and  four  were  still  living  but  followed  only  three 
to  twenty-nine  months.  Only  one  very  recent  case  previously  reported  by  this 
author  (14)  had  a  prolonged  survival  with  adequate  follow-up.  He  died  five 
years  after  his  first  episode  of  paiiilledema  in  a  course  marked  by  progressive 
impairment  and  repeated  hospitalizations  (15). 

Papilledema  occurs  in  chronic  lung  disease  as  a  consequence  of  cerebral 
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vasodilatation  and  increastMl  ccrel)ral  blood  flow  resulting  i)rimarily  from 
hypercapnia  (16-201.  It  is  tlu'rofore  a  niaiiifcstatioii  of  severe  and  longstanding 
resi)iratory  insufficiency  almost  invariably  associated  with  other  neurologic 
changes  and  cor  pulmonale.  The  development  of  physiologically  sound  con- 
cepts and  means  of  treatment,  particularly  antibiotics,  positi\t'  pri'ssure 
respirators  and  tracheostomy,  has  made  iiossiblc  cessation  of  the  progression  of 
the  imderlying  pulmonary  disease,  and  prolonm-d  survival  following  the  ap- 
pearance of  papilledema.  Papilledema  may  therefore  not  indicate  a  rapidly 
fatal  outcome,  and  may  be  compatible  with  prolonged  survival.  This  is  con- 

TABLK  I 


Pulmonary  Function  Studies 


Test 

Observed 

Per  Cent  of  Predicted 

Maximum  Voluntary  Ventilation 

30  L/min 

30% 

Maximum  A'oluntary  \'entilation  after  Isuprel 

37  L/min 

37% 

Inhalation 

Vital  Capacity  (Forced) 

1640  cc 

47% 

Vital  Capacity  (Slow) 

3130  cc 

90% 

Residual  \  ()hime 

3720  cc 

240% 

Total  Lung  Capacity 

6850  cc 

137% 

Observed 

Normal 

Timed  \  ital  Capacities 

1  sec.  per  cent  of  total 

27% 

75% 

2  sec.  per  cent  of  total 

50% 

85% 

3  sec.  per  cent  of  total 

62% 

95% 

R.V./T.L.C.  Ratio 

54.3% 

Less  than  35% 

Helium  Equilibration 

4  niin 

Less  than  2  miii 

Arterial  Blood  fla.ses,  licstiiifi.  Hooni  .\ir 

Oxvficii  Saturation 

89*:; 

More  than  Wl 

pll 

7.40 

7.387.42 

Carbon  Dioxide  Tension 

57  mm  Hg 

38-45  mm  Hg 

sistent  with  the  findings  of  IMunck  et  al. 

(211  that  the  clinical  picture  and 

blood  gas  abnormalities  were  of  less  significance  in  ])rognosis  than  the  pulmo- 
nary reserve  of  the  i)atient  before  his  acute  illness. 

M.MAH^ 

A  ease  of  chronic  obstructive  pulmonary  disease  has  been  followed  for  over 
six  years  without  need  for  further  ho.spitalization  since  an  episode  of  acut( 
decompensation  with  papilledema.  Papilledema  has  always  been  considered  a 
serious  prognostic  sign  in  chronic  pulmonary  disease,  and  prolonged  survival 
after  its  occurrence  has  been  reported  only  very  recently.  Improvements  in 
unrlerstanding  of  jiathophysiologic  mechanisms  and  availability  of  physio- 
logically soimd  methods  of  management  have  made  i)ossible  halting  the  pro- 
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Follow-Vp  of  Cases  of  Papilledema  Occurring  in  Respiratory  Insufficiency 


Authors 

Year 

Case 

FoUow-Up  after  First  Appearance  of  Papilledema 

- 

Friedfeld  and  Fishberg  (5) 

1934 

1 

Clearing  of  papilledema  witli  ther- 

apy; no  FU 

Simpson  ((i) 

1954 

1 

Death  after  two  years 

2 

Death  during  initial  hospital  admis- 

sion 

Sioker  and  Ilit-kam  (7) 

1956 

1 

Recovery  during  initial  hospital  ad- 

mission; no  FT 

Leggat  (8) 

1958 

1 

Still  living  at  time  of  report  13  mos 

later 

Miller,  liastion  and  Kearns  (9) 

1960 

1 

Still  living  at  time  of  report  2!)  mos 

later 

2 

Improvement  during  initial  hospital 

admission     without     cleiiring  of 

papilledema;  no  FT 

3 

Death  after  an  inispccificd  interval 

in  a  pnigicssivcly  (lowiihill  course 

Manfiedi  et  al.  (10) 

1961 

1 

Improvement;    followed    oidy  three 

mos 

Meyer  cl  ul.  (11) 

1961 

1 

Death  iluring  initial  hospital  admis- 

sion 

Crispin  and  Darke  (12) 

1962 

1 

Death  after  six  mos 

2 

Death  after  14  mos 

Imari  (13) 

19G2 

1 

Death  after  23  mos 

2 

Still  living  at  time  of  report  19  mos 

later,    liut    liedridden    because  of 
loss  ,,f  visi.m 

Miller,  Bader  and  Bader  (14) 

1962 

1 

Death  after  five  years  with  repeated 

episodes  of  decompensation  (15) 

FU  =  Follow-Up. 
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Ligamentum  Denliculatiiiii 


(An  Analomical  Review  and  Its  Role  in  Various 
Neurosuigical  Problems  of  the  Spinal  Cord) 

PAUL  TENG,  M.D* 
Long  Beach,  Califuniia 

The  dentate  ligament,  a  ribl)on-likc  structure,  minute  in  .size  l)Ut  significant 
in  vai-ious  pathological  coHclitions  of  the  spinal  cord,  has  been  infrequently 
written  about  in  the  last  sixty  years.  In  his  book,  Tumors  of  the  Spinal  Cord, 
Elsberg  ll)  observed  its  relation  to  the  symptomatology  of  ventrally  located 
intraspinal  tumors.  Kahn  (2 1  related  its  role  in  myelopathy  caused  by  cervical 
spondylosis  and  emphasized  its  section  in  decompression  of  the  spinal  cord.  In 
vascular  anonialio  of  the  si)inal  cord,  symptomatic  relief  has  been  observed 
after  the  section  of  the  dentate  ligaments  (3).  In  1961  (4)  the  myelographic 
visualization  of  the  dentate  ligament  both  in  normal  and  pathological  condi- 
tions of  the  spinal  canal  has  been  described. 

After  more  than  one-half  a  century,  it  seems  worthwhile  a  brief  review  on  the 
dentate  ligaments  with  a  particular  reference  to  its  role  in  various  neurosurgical 
problems  including,  1)  extramedullary  lesions  such  as  fa)  cervical  or  thoracic 
intervertebral  disc  protrusion,  especially  of  the  central  type,  (b)  cervical 
spondylosis  with  comjiression  of  the  spinal  cord,  (c)  extramedullary  neoplasm; 
2)  intramedullary  lesions,  .such  as  (a)  intramedullary  glioma,  (b)  syringomye- 
lia, (ci  vascidar  anomalies  of  the  spinal  cord;  3 1  cordotomy. 

AX.\TOMY  OF  THE  DEXT.\TE  LKJAMEXT 

The  dentate  ligament  is  a  thin  and  narrow  fibrous  band  constituted  of  longi- 
tudinally arranged  fibers,  situated  on  cither  side  of  the  spinal  cord.  Its  inner 
border  is  continuous  with  the  pia  mater  and  its  lateral  border  laced  with 
multiple  digits.  It  begins  at  the  top  of  the  cervical  cord  and  ends  along  the  side 
of  the  conus  medullaris.  The  cervical  portion  of  the  ligament  is  wider  and 
thicker  than  the  thoracic  and  lumbar  portion.  In  the  cervical  area,  the  medial 
portion  of  the  ligament  may  be  very  thin  and  easily  .severed  from  its  pial 
attachment. 

There  are  21  digits  of  the  dentate  ligament.  Each  digit  is  triangular  in  shape, 
except  the  first  and  the  last,  and  occasionally  the  eighth.  The  base  of  the  tri- 
angular digit  is  in  continuation  of  the  main  ligament,  and  its  apejc  is  stoutly 
attached  to  the  inner  surface  of  the  dura.  The  first  digit  is  more  or  less  round 
and  cord-like,  attached  to  the  dura  mater  opposite  the  margin  of  the  foramen 
magnum,  between  the  vertebral  artery  and  the  hypoglossal  nerve.  The  last  one 
breaks  into  a  two-pronged  fork  which  is  1  to  2  cm  in  length  and  may  be  as 
long  as  3  to  4  cm.  The  lateral  prong  is  the  actual  digit,  and  the  medial  prong 

*  Former  Resident  in  Neurological  Surgerv-,  The  Mount  Sinai  Hospital,  New  York,  N.  Y. 
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is  the  tailoring  ond  of  the  dentate  ribbon  but  sometimes  it  skips  the  side  of  the 
conus  with  only  its  lower  end  connected  to  the  i)ia  mater.  The  eighth  digit  is 
occasionally  fork-like  with  short  prongs. 

The  21  digits  are  evenly  distributed  along  the  whole  length  of  the  spinal 
cord.  Minus  the  first  and  the  last,  they  are  exactly  the  number  of  the  cervical 
and  thoracic  vertebrae.  The  point  of  dural  attachment  of  the  dentate  digit  is  in 
between  the  two  adjacent  traversing  nerve  roots  and  divides  the  spinal  canal 
into  a  posterior  and  an  anterior  compartment,  the  former  slightly  larger  than 


Fig.  1.  Cf-n  ical  H;tiito|,;i(|iic  invf  lomaph.  .\rrow>  indifate  dfntate  ligament. 

the  latter.  It  separates  also  the  posterior  from  the  anterior  nerve  roots,  pro- 
viding a  landmark  for  their  irlentification  at  surgery.  The  LI  .sensory  roots  lie 
upon  the  last  fork,  which  may  be  u.-^ed  as  a  landmark  for  their  identification 
(o). 

The  .spinal  cord  is  su.<pended  in  the  spinal  canal  by  the  dentate  ligaments  and 
to  a  lesser  extent  by  the  nerve  roots.  The  dura  to  which  the  dentate  is  at- 
tached, is  adherent  to  the  anterior  wall  of  the  spinal  canal.  The  lateral  at- 
tachment and  vertical  arrangement  of  the  dentate  ligaments  allow  very  little 
rostro-caudal  and  lateral  movement  of  the  spinal  cord,  however,  it  permits  tli( 
.spinal  cord  .some  degree  of  motion  in  the  anterior  po.sterior  direction.  Thu.-. 
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section  of  2  to  3  dentate  digits  on  each  side  would  increase  the  anteroiiosterior 
and  lateral  mobility  oi  the  spinal  cord  to  gain  access  to  the  anterior  subarach- 
noid space  and  the  anterior  spinal  canal. 

Myelographic  idcntificdfion  of  the  dentate  liijdiiKut.  In  the  lateral  and 
oblique  projection  of  a  "full-cohuun"  Pantoi)a(iue  iiiyel()iira|)h.  the  dentate 
ligament  can  be  visualized  as  a  linear  radiolucent  shadow.  Because  of  its 
greater  thickness,  the  cervical  portion  of  the  ligament  is  more  icadily  visualized 


Fig.  2.  Lower  dorsal  Pantopaque  myelograph.  Arrow  indicate-.*  dentate  ligament. 

than  the  dorsal  section  (Figs.  1,  21.  In  ceivical  spondylosis,  the  myelographic 
continuity  of  the  (k'ntatt'  ligament  may  lie  disrupted  or  distorted  (4).  The 
dentate  ligament  may  be  displaced  by  an  intras|)inal  neoplasui,  either  extra- 
medullary  or  intramedullary.  The  direction  of  its  displacement  is  indicative 
of  the  location  of  the  tumor  in  the  ventral  or  posterior  .sjiinal  canal  (Fig.  3j 
(Fig.  5,  Case  1). 

THK  ROLE  OF  DKXT.\TE  LIO.WIEXT  IX  CORD  COMPRESSIOX 

Kahn  (2)  in  collaboration  with  Zweig  pointed  out  from  the  mechanical 
(stress)  point  of  view,  that  in  anterior  si)inal  cord  compression  caused  by  a 
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central  disc  or  ostoopliytic  ridge  on  account  of  tlic  fixation  of  tlic  cord  by  the 
dentate  ligament,  the  main  intramedullary  stress  was  projected  in  the  posterior 
lateral  fasisculus  dorsal  to  the  ligamental  attachment.  The  author  presented  it 
as  one  explanation  of  the  pyramidal  manifestation  in  anterior  cord  compres- 
sion. 

In  the  same  token,  in  posterior  compression  of  the  spinal  cord  by  an  extra- 
medullary  mass  lesion  would  jilace  the  stress  anterior  to  the  dentate  ligament 
in  the  anterior  lateral  fasisculus.  This  maj'  affect  the  spinotlialamic  tract,  pro- 
ducing hypalgesia  or  paresthesia,  a  variety  of  subjective  sensory  complaints 
such  as  tingling,  burning,  numb  or  cold  feeling  below  the  level  of  the  lesion, 
which  Elsberg  (ll  described  in  his  book  of  >pinal  covd  tumors,  often  led  to  the 
misinterpretation  as  an  antcriolateially  sitiiatcil  loion.  In  the  hitter  location, 


Fig.  3.  Dorsal  Pantopaque  myelograph  in  a  case  of  meningioma  of  the  posterior  spinal 
canal.  Large  arrow  indicates  depressed  dentate  ligament.  Small  arrows  outline  the  tumor. 

the  tumor  was  wedgeil  l)et\veen  the  dentate  slip  ;i!id  the  dura,  and  the  anterior 
lateral  surface  of  the  cord.  The  sensory  change  was  pi()l)ably  caused  by  direct 
compression  of  the  anterior  lateral  fasisculus. 

Myelograi)hic  evidence  of  dentate  dis])lacement  has  been  also  observed  in 
intrameflullary  tumors  (Case  I.  I"ig.  .")  i  and  syringomyelia.  The  direction  of 
dentate  displacement  was  opposite  to  the  hulk  of  the  tumor  or  cyst.  The  dis- 
tortion of  the  dentate  digits,  therefore,  may  produce  intramedullary  stress  in 
addition  to  the  pressure  caused  by  the  expanding  neoplasm. 

In  vascular  anomalies  of  the  spinal  cord,  the  loss  of  medullary  tissues  and 
glio.sis  may  increase  the  tension  of  the  dentate  digits  and  produce  stress  across 
the  spinal  cord  (Fig.  4),  as  one  ob.scrves  the  effect  by  pulling  upon  two  opposite 
edges  of  a  piece  of  paper.  This  may  provide  a  hypothetical  explanation  to  some 
of  the  symptoms  of  paresthesias  and  pyramidal  involvement  in  vascular  anom- 
alies of  the  spinal  cord,  in  spite  of  the  fact  that  pathology  was  mainly  confined 
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in  the  i)ostcrior  i)oi-ti()n  of  tlie  spinal  cord.  At  surgery  the  tension  of  the  dentate 
digits  lias  been  demonstrated  (3). 

THE  ROLE  OF  UEXTATK  LKIAMENT  IX  SrRGERY  OF  THE  SPIXAL  CORD 

Since  the  dentate  ligaments  divide  the  subarachnoid  sjiace  into  an  anterior 
and  a  posterior  comi)artment,  for  the  ai)proach  to  the  anterior  s])inal  canal,  it  is 
imperative  to  mobilize  the  cord  without  traction  by  section  of  the  dentate 
attachments.  The  cord  is  incapable  to  sustain  traction,  and  undvily  traction 
accounts  for  postoperative  morbidities  in  many  instances  of  centrally  ruptured 
cervical  intervertebral  disc  and  thoracic  disc.  In  such  cases  a  transtlural  re- 


FiG.  4.  Diagram  of  \  asi 
fasisculus  (checker-board) 


IS  of  stres.s  in  the  lateral 


moval  of  the  disc  after  the  section  of  the  dentate  digits  is  safer  than  the  extra- 
dural approach.  One  of  the  5  cases  thus  treated  is  presented  here  (Case  3) . 

The  thoracic  spinal  canal  is  narrow  and  deep  which  renders  the  exposure  of 
the  anterior  spinal  canal  more  difficult  than  the  cervical  region.  For  the  re- 
moval of  a  ruptured  dorsal  intervertebral  disc,  or  a  ventral  intradural  or  extra- 
dural tumor,  adequate  exposure  of  these  lesions  could  be  accomplished  after  the 
section  of  2  to  3  dentate  digits  and  1  or  2  thoracic  nerve  roots.  The  portion  of 
the  spinal  cord  can  be  easily  mobilized  by  rotation  without  traction.  Three 
cases  of  ruptured  thoracic  intervertebral  chsc  and  4  cases  of  ventra'lly  located 
neurofibromas,  including  3  intradural  and  one  epidural,  w^ere  successfully 
treated  by  the  transdural  route. 

The  section  of  the  dentate  ligament  as  one  type  of  surgical  treatment  of 
cervical  spondylosis  with  compression  of  the  spinal  cord  has  been  frequently 
described  in  recent  literature  and  further  discussion  is  omitted  from  this  pres- 
entation. 


PAUL  TENC; 


In  c'oi'ilotoniy.  the  dcntatt'  ligament  has  Ix'cn  used  as  an  anatomical  indicator 
to  guide  the  incision.  Occasionally  the  liganu'nt  might  he  fovaid  detached  from 
the  lateral  surface  of  the  sjiinal  cord,  and  in  such  instances,  a  careful  search 
would  reveal  a  slightly  thickened  pial  Une  which  could  be  accurately  secured 
with  a  mosciuitt)  clamp  to  direct  the  coid  incision.  I  have  found  in  no  instance 
to  use  the  anterior  roots  as  a  land-mark  m  cordotomy. 

II.HSTRATIVK  eA>i:s 

Whenever  tlu're  is  dis])lacement  of  the  dentate  ligament,  there  is  intra- 
meduUaiy  stress  jn-oduced  by  increased  tension  of  the  dentate  ligament.  There- 
fore, in  compression  of  the  spinal  cord,  there  is  a  diuil  force  of  i)ressure,  1)  the 
pressure  exerted  upon  the  cord  by  the  extramedtdlary  or  intramedullary  tumor, 
and  2 1  intramedullary  stress  concomittantly  occuncd  as  a  result  of  dentate  dis- 
placement. Thereby,  the  section  of  the  dentate  ligaments  of  the  compressed 
area  may  procure  an  additional  effect  of  (lecoiiiiiic.--i()n,  an  inteiiial  decomjires- 
sion  in  addition  to  the  external  decompression  elft'cted  l)y  lanunectomy. 

/.  Decoutpression  in  IntramediilUirii  Tumor 

Case  1.  A  36  year  oM  ..-lio.il  icirli.T  was  adinitt,  ,!  to  the  hospital  on  .\pril  15,  1957 
on  account  of  marked  wcakm  s>  m  all  4  liiulis  for  2  (la\-s  and  painful  stiffness  of  his  nock 
for  about  2  years.  Since  1!)5I,  he  has  hcen  treated  at  other  clinics  as  a  case  of  "multiple 
sclerosis." 

Examination  showed  only  feeble  extension  and  flexion  of  the  left  (  Ihow  and  finders  of 
his  left  hand.  The  right  upjier  extremity  was  completely  ]>aral>z(  (l.  He  was  unable  to 
move  his  right  lower  limb  but  weakly  rai.sed  his  left  leg  IJd  di  lin  off  bed.  He  was 
unable  to  move  his  toes  of  either  foot.  Hyportonicity  was  obvious  ni  all  limbs. .The  upper 
extremities  were  held  in  flexion  and  both  lowers  in  extension.  Atrophy  of  the  interossei 
was  obvious  in  both  hands.  Anesthesia  was  demonstrated  on  the  left  from  below^  the 
clavicle,  and  hypalgesia  on  the  right.  \'ibration  and  ])o.sition  .sense  were  lo.st  on  both 
sides.  He  was  urinar>'  incontinent.  His  respiratory  movements  were  largely  diaphrag- 
matic. He  was  mentally  confu.sed  and  di.soriented  in  time  and  space.  Ankle  and  wrist 
clonus,  Hoffmann's  and  Babinski's  sign  were  demonstrated  on  both  sides.  Tenderness  was 
elicited  over  the  spinous  process  of  the  entire  cervical  segments. 

A  spinal  block  was  demonstrated  in  CSF  manometry-.  The  initial  pressure  of  the  CSF 
was  218  mm  of  water  and  the  total  jirotein  content  was  144  mg%. 

A  cervical  Pantoiiaque  myelogram  .showed  a  fusiform  enlargement  of  the  cord  from 
C2  to  C4.  The  lateral  projection  showed  that  the  dentate  ligament  was  disi)laced  ventralh' 
(Fig.  5). 

On  April  19,  1957,  laminectomy  was  performed  from  C2  to  C5.  The  cord  was  noted 
markedly  enlarged  and  the  dentate  attachments  were  found  stretched  downward.  Three 
small  vertical  incisions  were  made  into  the  cord  and  an  inoperable  intramedullary- 
hemangioma  was  disclosed.  The  tumor  extended  from  C2  to  C4,  and  its  .surface  resembled 
that  of  a  ripe  mulberrj'  (Fig.  6).  The  .stretched  dentate  attachments  from  C2  to  C6  were 
sectioned  on  both  sides.  The  dura  w'as  left  open  and  tented  with  Vinyon  "N"  cloth. 

Postoperatively,  he  showed  a  rai)id  returning  of  pain,  temperature  and  touch  sensation 
of  the  right  side  of  his  body  and  the  right  lower  extremity.  Throe  days  later,  he  was  able 
to  make  a  weak  grip  with  his  left  hand  and  raise  his  left  arm  above  his  head,  and  mo\  i 
his  right  fingers.  Normal  chest  movements  were  noted  in  respiration.  He  was  able  in 
move  his  toes  of  both  feet.  On  the  fifth  day  pain  sensation  appeared  in  the  left  arm  ami 
leg,  and  the  left  side  of  his  body.  Spa.stic  contractions  of  extremities  had  di.sapiieared. 
The  relief  of  pain  and  spasm  of  the  neck,  shoulders  and  arms  was  complete. 
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Kadiotliorapy  was  initiated  on  tlio  LStli  postoperative  day,  and  a  total  of  2,400  r  (air 
units)  was  given.  Four  niontlis  Later,  lie  was  able  to  sit  in  a  wheel-chair,  t'eed  and  dress 
himself. 

Tiie  patient  was  last  examined  on  K(>l)niar>-  25.  1064.  He  could  write  ,ind  tyiie  with  his 
left  hand.  The  ]v{{  hand  >irii>  was  strong  and  the  nghi  weak.  H,\|iertoni(at.\'  was  demon- 
strable in  all  4  lindis.  right  more  thati  the  left.  I'am.  teni]ieiai  ure  and  touch  sensation 
were  normal  in  the  right  side  and  a  \ague  sensorx'  lex'el  of  hyiialgesia  w.as  (dicitod  from 
below  D7  on  the  left.  Position  and  vibration  sense  nnnainecl   aiisent    on   both  sides. 


Fig.  5.  Case  1,  Cervical  Pantopaque  myelograph.  Arrow  indicates  displaced  dentate  liga- 
ment. T — indicates  site  of  an  intramedullary  hemangioma. 

Pathologic  reflexes  were  present  in  all  4  extremities.  He  was  able  to  walk  on  crutches.  The 
bladder  control  remained  lost. 

Comment:  In  this  ease,  an  cxtrainedullary  deooniprcssion  was  accomplished 
by  laminectomy,  and  a  probable  intfamodiillai y  (Iccoiiipicssioii  hy  tlte  section 
of  the  dentate  ligaments.  The  displaceinent  of  the  dentate  ligaments  by  the 
tumor  was  obvious  on  the  niyelography,  :ind  tlie  sfction  of  the  ilentate  attach- 
ments has  probably  contrii)Uted  partially  to  the  effect  of  cord  decompression 
observed  in  the  early  weeks  following  the  oiieration.  The  effect  of  irradiation 
was  doubtful  and  the  small  myelotomies  were  hy  no  means  adecjuate  in  decom- 
pression. 

Two  cases  of  cervical  intramedullary  glioma  and  one  case  of  .syringomyelia 
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have  been  j^imilarly  treated  without  myelotomy,  and  the  follow-u])  period  was 
36.  28  and  46  months  respectively.  To  date,  all  3  patients  are  still  fully  em- 
ployed, and  there  has  been  no  noticeable  increase  in  neurological  defects.  In 
fact,  improvement  has  been  observed  in  all  3  patients  in  the  early  postopera- 
tive weeks. 


Fig.  6.  Case  1,  operative  findings.  Note  tlio  tumor  expcsed  by  myelotomy  (upper  arrow). 

//.  Section  of  Dentate  Ligaments  in  Vascular  Ano7nalies  of  the  Spinal  Cord 

Case  2.  A  5i  year  old  man  complained  of  burning  paresthesias  and  weakness  in  both 
lower  extremities  for  8  months.  Both  legs  felt  heavy  and  he  was  unable  to  walk  more 
than  two  city  blocks. 

Neurological  examination  di.-^lo.«ed  mild  weakness  in  both  lower  limbs.  Hypalgesia 
was  found  shifting  from  D7  to  D9  at  different  examinations.  Vibration  sense  was  im- 
paired from  below  D7  on  botii  side.*.  There  was  bilateral  Babinski's  sign. 

Radiograph  of  the  spine  wa.s  noncontributor>-.  The  CSF  manometry-  demonstrated  a 
slow  rise  and  fall.  The  total  protein  content  was  93  mg%.  A  Pantopaque  myelography 
showed  tortuous  va.seular  shadows  extending  from  D3  to  Dll. 

On  June  28,  1962  laminectomy  from  D3  to  Dll  was  performed  and  disclosed  an  exten- 
sive venous  anomaly  covering  the  dorsal  surface  of  the  spinal  cord  (Fig.  7).  The  dentate 
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attachment  from  D3  to  Dll  was  sectioucd  on  botli  si(l(>s.  The  dura  was  left  0|)(>n  and 
tented  with  Teflon  uloth. 

Following  the  operation  the  relief  of  burning  pain  in  both  lowrv  limbs  was  c()in|)letc, 
and  he  was  able  to  walk  ten  blocks.  Vibration  sense  remained  lost  in  l)()th  lower 
extremities.  The  level  of  hypalgesia  was  not  (iemonstrabi(>.  J^abinski's  siy,n   was  still 


Fig.  7.  Case  2,  Venous  anomaly  from  D3  to 
Dll. 
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obvious.  His  iipurologic  status  reuiainotl  luichanged  14  montlis  after  singcry.  There  was 
no  urinary  ditficulty. 

Comment:  Decoinprcssion  hy  laiuini'ctoiny  aloiU'  in  the  trcatuK'nt  of  vascu- 
lar anomalies  of  thf  s])inal  cord  has  been  known  ineffective.  The  relief  of 


Fig.  9.  A  case  of  ruptured  Dll-12  interverte- 
bral disc.  The  spinal  cord  was  mobilized  to  the 
left  without  traction  after  the  section  of  the 
dentate  ligaments,  and  the  ruptured  disc  was 
fuUy  exposed  (arrow).  Black  line  indicat<  - 
dural  incision  for  the  disc  removal. 


syniiJtoins  in  this  ca.'^e  may  be  attril)tite(l  to  the  section  of  the  dentate  ligaments 
by  intramedullary  decompression. 

The  origin  of  pain  and  pare.-<thesia,  which  are  prominent  symptoms  in  vascu- 
lar anomalies  of  the  spinal  cord,  was  probably  in  the  lateral  spinothalamic 
tract.  Section  of  the  dentate  ligaments  has  been  performed  in  15  patients  and 
the  follow-up  period  varied  from  21/2  to  7  years.  A  satisfactory  relief  of  pain 
was  observed  in  7  patients  and  partial  relief  was  noted  in  3.  Receding  of  sen- 
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f;oi-y  level  was  ol)serve(l  in  ")  and  ini|)ro\-enient  in  motor  function  of  the  exti'enii- 
ties  was  found  in  6  jtatients.  Three  patients  showed  no  improvement  following 
surgery. 

///.  Section  of  Dentate  Lkj(unent^  in  Approdcli  to  tliv  Ventnd  Spinal  Condi 

Case  3.  A  50  year  old  man  liad  pain  m  tlic  liark  ot'  Ins  neck  and  both  shoulders  for  4 
months.  On  Sc-jit.  25.  1962.  during:  a  rcr\  iral  matnimlal  ion  hy  a  i-hiropraclor,  lie  suddenly 
dropped  to  the  floor  and  liecame  immediately  i|Uadripl(  fiic. 

On  arrival  at  the  einergenej-  room,  examinalion  sliowi  il  no  \niuniai\  nu i\ cnicni  in  any 
of  his  4  limbs.  The  upper  extremities  were  flaccid  and  tiic  lowi  r  spa>ti(\  .\  si  nsory  level 
of  anesthesia  was  demonstrated  at  D3.  The  ivspiiai  ion  w.is  aiMlommal.  The  iii>per  limbs 
were  areflexie  and  \\ir  lowers  were  hyperreflexic  wilh  liilaieial  Bai)inski's  sisn,  ankle  anil 
patellar  elonus.  The  Madder  was  dislended  with  1.200      of  urine. 

The  CSF  manometry  demonstrated  a  c<)mpl(>te  block  which  was  \isualized  at  C"o-()  in 
a  Pantopaque  myelograpli. 

A  laminectomy  was  performed  at  C5  and  CT>.  Two  dentati>  dibits  were  sectioned  on  each 
side  and  the  cord  was  inolulized  to  the  nsiht  without  traction.  The  ventral  dura  was 
opened  and  a  large  completely-  rui)tiired  central  disc  was  reiiioxcil  (Fig.  8). 

Next  day  he  regained  his  blailder  fiiiu'lioii  which  was  demonstrated  both  by  the 
residual  urine  test  and  by  cystomet r\-.  The  sensoi\-  le\'el  receded  to  1)7  and  <ji:idiiall,\- 
disappeared  in  a  week.  He  was  abb'  to  litiht  his  own  cigarettes  and  feed  himself  on  the 
fourth  postoperative  day.  One  month  later,  he  walked  with  a  cane  which  was  discarded 
after  4  months,  but  his  gait  was  spastic. 

Coninunt:  In  addition  to  this  case,  another  4  patients  of  ruptured  central 
cervical  intervertei)ral  disc,  and  3  patients  of  thoracic  intervertebral  disc  have 
been  operated  ujion  by  tlie  transdural  route  after  a  liberal  section  of  the  den- 
tate ligaments  (f^ig.  9).  Imi)rovement  has  been  observed  in  all  8  patients.  Seven 
patients  were  fully  employed  and  one  committed  suicide  18  months  after  sur- 
gery, 

A  ventral  thoracic  epidural  netirofibroma  had  been  removed  transdurally 
from  a  13  year-old  jjaraplegic  boy  with  complete  recovery.  Again,  it  is  to  be 
emphasized  that  a  liberal  section  of  the  dentate  ligaments  with  the  sacrifice  of 
one  or  2  thoracic  nerve  roots  could  provide  adequate  exposure  to  the  ventral 
spinal  canal  without  traction  on  the  spinal  cord.  Furthermore,  the  section  of  the 
dentate  ligaments  may  ease  jiressure  caused  by  edema  of  the  cord  either  as  a 
result  of  trauma  or  surgery. 
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The  tcnu  aftercare  .-^iigtiests  a  process  tliat  follows  a  ])erio(l  of  treatment  of  an 
illness  usually  extensive,  of  a  sciious  nature  and  more  often  than  not  one  con- 
fined to  a  hospital  stay.  Thi'  woid  ■cari "  in  aftercare  has  the  same  root  as  the 
word  cure  which  connotes  an  action  and  state  of  healing.  It  is  also  synonymous 
with  concern.  >()licitudc.  anxiety  and  worry — states  normally  present  in  tlu- 
person  who  cares  to  cure.  Both  care  and  cure  are  implied  in  the  word  treatment 
which  is  more  connnonly  used  in  the  art  and  science  of  healing. 

The  word  "after"  in  aftercare  implies  that  a  state  of  treatment  and  care 
existed  before,  which  perhaps  was  more  important  than  the  treatment  of  the 
aftercare  period.  perhai)s  even  life-saving.  This  same  element  is  also  contained 
in  another  expression  often  \\>vi\  to  doignate  aftercare,  namely  follow-up.  ]\Iy 
association  to  the  word  follow-up  i^-  a  ni()p|)ing-u]-)  or  cleaning-up  action,  after 
a  major  intervention  or  operation.  T'ollow-u])  in  nicdii'inc  implies  somewhat  of 
a  standby  situation  destined  moic  to  watchfulness  than  action.  Aftercare  is  an 
active  i)rocess  rather  than  a  ])assiAc  state  of  watching  and  observing.  We  ]uefer 
the  term  aftercare  rather  than  follow-u]).  Psychiatry  has  for  too  long  been 
associated  with  passivity  in  the  minds  of  people  because  of  a  paucity  of  avail- 
able remedies.  Since  this  is  no  longer  so.  we  are  justified  in  using  the  more  ac- 
tive term  of  aftercare. 

The  question  as  to  whether  aftercare  in  psychiatry  is  less  imi)ortant  or  less 
active  than  the  care  or  treatment  that  preceded  it  is  still  an  open  one.  Thus  far 
a  distinction  has  been  made  between  care  defined  as  main  treatment  requii-ing 
full-time  care,  more  often  on  an  inpatient  basis,  and  aftercare  defined  as  col- 
lateral care  and  treatment,  on  a  part-time  basis  and  usually  in  the  nut -|);iti(  nt 
department  clinic.  I  cannot  resist  the  temptation  to  bring  in  another  meiui)er  of 
the  care  family,  namely  forecare.  Although  we  are  usually  humble  when  it 
comes  to  considering  preventive  psychiatry,  and  rightly  so,  and  although  effec- 
tive prevention  of  mental  illness  may  be  some  time  away,  I  believe  that  fore- 
care  is  clearly  related  to  care  and  aftercare,  and  that  one  of  the  avenues  that 
may  lead  to  effective  prevention  will  stem  from  effective  care  and  aftercare  on 
family  and  community  levels.  Care  on  these  levels  is  bound  to  have  a  beneficial 
effect  not  only  on  the  patient  but  on  the  family  and  others  as  well. 

Having  distinguished  between  aftercare,  care  and  forecare  I  hasten  to  add 
that  the  distinction  is  artificial,  that  aftercare  and  forecare  can  be  nothing 

From  the  Dcpartniont  of  P.syc-hiatry,  M.  l^ilpli  Kaufman,  M.D.,  Director,  The  Insti- 
tute of  Psychiatry,  The  Mount  Sinai  Hospital,  New  York,  N.  Y. 

Presented  at  the  Monthly  Departmental  Conference,  October  14,  1964,  by  the  staff  of  tin 
Aftercare  Clinics  of  the  Institute  of  Psychiatrj':  Samuel  L.  Safirstein,  M.D.,  Chief,  Poti  i 
Laqueur,  MX).,  Maurice  Osinofif,  M.D.,  Bertrand  Jacobs,  M.D.,  and  Edmund  Slakter,  M.D 
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else  than  care  as  a  nuiltil'aceted  problem,  and  that  any  division  or  suhchvision 
can  only  be  considered  for  heuristic  purposes,  while  the  whole  of  the  i^robleni 
as  well  as  the  whole  of  the  individual  must  be  constantly  kept  m  mind. 

The  purpose  of  this  paper  is  to  highlight  wliat  is  done  and  what  is  tioint^  on  in 
the  Aftercare  Clinics  of  The  Mount  Sinai  Hospital,  ]  )(  pai  tiiK  nt  ol  Psychiatry, 
and  to  point  out  some  of  the  immediate  and  lon<i-ran!:^c  problems  as  well  as  to 
introduce  a  discussion  of  a  iihilosoiihy  of  aftercare  treatment,  and  to  envisage 
possible  implications  of  an  aftcrcaif  concept. 

Shortly  after  the  Institute  of  INychiatry  was  opened  in  December  of  1962  it 
became  apparent  that  the  Aftercare  (Minic  was  on  the  threshold  of  important 
changes.  They  stemmed  from  two  primary  sources.  The  number  of  injiatient 
beds  increased  fourfold  (this  does  not  include  the  Day  and  Night  Center)  and 
the  number  of  residents  increased  fivefold.  As  the  adult  inpatient  units  began 
to  discharge  their  expanded  numbers  of  ixitients,  at  the  l)eginning  of  1963, 
wheels  l)egan  to  turn  faster  and  faster  at  the  Aftercare  Clinic.  The  numbers  of 


TABLE  I 

Patient  Population  of  Psi/chialric  Aftercare  Clinic  1959-1964 


1959 

I960 

1961 

1962 

1963 

1964 

Census  January  1 

42 

53 

60 

58 

77 

178 

New  Admissions 

45 

36 

32 

46 

152 

211 

Readmissions 

13 

19 

11 

19 

31 

23 

Total  Admissions 

58 

55 

43 

64 

183 

234 

Cases  Closed 

47 

48 

45 

45 

82 

140 

On  January  1,  1965  the  census  of  patients  in  the  clinics  was  272. 


patients  began  to  rise  sharply  and  our  facilities  and  capacities  became  over- 
taxed. When  the  new  contingent  of  residents  arrived  in  July  1963  it  became 
clear  that  we  did  not  have  enough  physical  space  to  contain  the  patient  popula- 
tion and  their  therapists.  We  were  blessed  with  numbers,  we  were  growing  and 
multiplying  by  lea])s  and  bounds  and  we  needed  more  room.  Like  a  stock  that 
went  up  in  price  we  split  two  for  one.  We  divided  into  two  parts.  Clinic  A 
which  remained  in  the  Klingenstein  Clinical  Center  and  Clinic  B  which  moved 
across  the  street  to  Carver  House.  Four  members  of  the  Attending  Staff  super- 
vise these  clinics  and  act  as  Prece])tors  to  the  house  staff.  Table  I  illu.strates  the 
numerical  changes  in  the  aftercare  population  before  and  after  the  opening  of 
the  Institute  of  Psychiatry. 

We  see  from  this  data  that  the  relatively  small  number  of  152  admissions 
to  the  OPD  Aftercare  Clinic  in  1963  reflects  the  fact  that  it  took  some  time 
before  all  the  four  adult  inpatient  units  were  in  full  operation.  The  figure  211 
for  1964  is  the  new  admissions  rate  that  can  be  expected.  This  is  the  number 
around  which  the  saturation  point  will  be  reached.  Together  with  readmissions 
we  can  expect  a  total  annual  admission  rate  to  the  Aftercare  Clinics  of  about 
235  patients.  This  figure  slightly  exceeds  the  average  of  54  patients  per  unit 
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that  we  had  on  Ward  A  from  1959  through  1962.  before  the  Iiis^titute 
opened.  I  think  it  reflects  a  more  rapid  turnover  of  patients  on  the  wards.  We 
also  note  that  the  readmission  rate  only  increased  slightly  despite  the  fourfold 
increase  in  the  patient  population.  The  rate  of  patients  closed  also  increased, 
as  shown  by  the  figure  140  for  1964. 

At  the  beginning  of  1965  we  had  94  more  patients  than  at  the  beginning  of 
1964  and  at  the  beginning  of  1964  we  had  101  more  patients  than  at  the  be- 
ginning of  1963.  This  indicates  an  increase  of  about  100  patients  annually  in 
the  residual  caseload  of  the  clinics.  I  fear  to  project  the  census  of  the  Aftercare 
Clinics  in  1975  if  we  proceed  at  the  same  admission  and  closing  rates. 

If  there  is  one  thing  certain  about  the  future  of  the  Aftercare  Clinics  it  is 
that  they  will  continue  to  grow  numerically.  What  we  hope  is  that  they  grow 
in  an  arithmetic  and  not  geometric  proportion.  The  structure  and  modu- 
operandi  of  the  Aftercare  Clinics  (1)  is  predicated  upon  the  basic  unit  of  th( 
resident  and  patient  involved  in  a  thera])eutic  relationship.  The  patient 
admitted  immediately  following  discharge  from  the  ward  and  is  cared  for  hy 
the  same  resident  who  was  his  therapist  on  the  inpatient  imit.  The  transitioii 
from  treatment  on  the  ward  to  the  clinic  is  abrupt,  as  therapy  time  is  r*  - 
duced  to  one-half  hour  weekly.  An  additional  half-hour  session  is  allowed  when 
necessary  and  the  resident  has  time  available.  The  resident's  supervisors- 
time  is  also  sharply  reduced  to  one-half  hour  weekly  for  his  entire  ])atient 
load.  Every  new  admsision  is  interviewed  by  the  supervisor  usually  in  the 
presence  of  the  resident  therapist;  following  the  interview,  supervisor  and 
therapist  determine  goals  of  and  plans  for  aftercare  treatment.  As  the  pa- 
tient finds  his  place  in  his  home  and  in  the  community,  his  sessions  at  tli' 
clinic  are  spaced  and  eventually  discontinued.  If  his  condition  becomes  ag- 
gravated and  rehospitalization  is  advisable,  he  may  be  returned  to  The  Mount 
Sinai  Ho.^pital  inpatient  serv-ice  or  sent  to  city  or  state  facilities  for  continued 
care. 

In  the  basic  resident-patient  relationship  two  main  processes  take  place  con- 
comittantly,  the  treatment  of  the  patient  and  the  training  of  the  resident  (2i. 
These  two  processes  are  kept  in  mind  by  the  supervisor  during  the  weekly  se>- 
sions  with  the  resident.  Beside  this  basic  individual  psychotherapy  unit,  a 
number  of  other  services  are  available  in  the  Aftercare  Clinics. 

Certain  patients  not  amenable  to  intensive  psychotherapy  but  receiving 
drugs  are  transfered  to  a  .special  unit  called  the  Medication  Clinic.  This  unit 
is  not  only  instrumental  in  keeping  the  patient  on  medication,  but  also  eval- 
uates, modifies,  reduces  and  eventually  discontinues  medication.  Modifica- 
tion, reduction,  and  di.scontinuance  of  medication  are  important  function^ 
not  only  in  the  Medication  Clinic  but  throughout  indivirlual  therapy  by  resi- 
dents. 

The  ini)atient  services  rely  heavily  on  n)edication.  in  the  all-out  assault  on 
the  patient's  acute  phase  of  illness,  and  almost  every  patient  who  is  admittcfl 
to  the  clinic  is  on  medication.  It  is  a  fundamental  function  of  the  clinics  to  aim 
at  di.scontinuance  of  medication,  when  indicated,  in  preparation  for  dischargint: 
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the  patient.  It  has  hccii  oui'  cxiu'i-iciicc  that  (incc  iiici licat ion  is  i'cHimI  upon,  the 
tcnilcncy  of  the  thci'apist  is  to  " I'oi'iict "  to  reduce  the  dosage,  to  continue  psy- 
chothei-apy  only  to  I'ealize  ([uite  late  that  the  patient's  dosajie  is  too  heavy 
and  he  now  resists  attempts  at  reducin<!;  it. 

The  rationale  I'or  usin<i;  dru<i;s  i>  not  ([Uestioned  here.  W  hat  is  (|Uesti()ned  is 
the  lensith  ot'  time  jtatients  are  maintaine(l  on  di'u^s  in  the  clinic  and  the 
lack  of  attemjit  to  re(luce  the  dosa;j;es.  It  is  \-ery  difficult  to  discliartie  a  |)atient 
who  is  on  dru.ns. 

The  Medication  ("linic  aloiU'  now  has  30  patients,  many  of  tlu'ni  are 
known  as  cin'onic  patients  in  othei-  clinics  of  the  hospital  and  usually  helonti;  to 
a  low  socio-c'OonoHuc  f2;roup.  They  clini^  to  Mount  Sinai.  This  residual  iirouj) 
of  iiationts  has  a  low  rehabilitation  and  dischariie  I'ate. 

Sinc(>  195;")  <>;roup  therapy  has  been  one  of  the  modalities  of  treatment  em- 
ployed hy  the  Aftercare  Clinics.  Currently  we  lia\-e  two  groups  of  20  i)atients 
engajied  in  a  su|)portive  ty])e  of  psychotlieia|)y.  \\'e  follow  the  principle 
that  o;r()up  thei-apy  is  not  an  adjunct  to  indi\idual  therapy  hut  a  different 
kind  of  tiiera|)y  with  its  own  techniciues,  o;()als  and  dynamics  for  which  can- 
didates have  to  he  specially  selecte(l.  ( )nce  a  jjatient  is  in  ^I'oup  therapy  he 
does  not  I'eceive  individual  psychot hei-apy ,  except  in  emei'<2;ency  situations. 
\\'e  would  like  to  exjjand  our  <i;roup  thei'ai)y  proj^i^am.  ^^'e  think  that  one 
purpose  for  which  groups  mi<i;ht  he  utilized  is  to  effect  a  smoother  ti'ansition 
toward  discharge  from  the  clinic.  It  seems  that  the  problems  of  separation 
can  he  hotter  handled  in  a  group  whei-e  the  transference  is  dilute<l. 

An  imi)oi'tant  woi-kini2:  relationship  is  maintained  between  the  Aftei'cai'e 
Clinics  and  the  Social  Sei'vice  Department.  Psychiati'ic  casework  with 
.significant  relatives  bei2;un  while  the  ])atient  is  on  the  ward,  continues 
while  he  is  in  the  clinic.  The  i-esidt'nt  and  caseworker  continue  as  a  team 
throughout  the  patient's  stay  in  the  clinic.  P»are  is  the  situation  when  a  |)atient 
is  not  considered  in  the  litiht  of  the  caseworkei'V  kn()wlediz;e  of  the  family 
constellation  and  the  family's  dynamics.  In  discussin<i  difficult  or  emert2;ency 
situations,  the  clinic  chief  mav  see  the  thei-apist,  the  casewoi'ker  and  theii'  I'e- 
spective  supervisors.  Se\-eral  levels  of  knowledge  and  exi)ei'ience  concerning 
the  patient  are  in  this  way  combined  to  determine  a  course  of  action. 

The  caseworker  is  an  important  menibei'  at  the  weekly  confei'ences  with 
the  director  of  the  I)ei)ai-tment  of  Psychiatr>-.  at  which  time  casework  ma- 
terial is  [M-esented  along  with  the  thei-a])ist's  matriial.  We  also  fi'e(|uently 
utilize  the  caseworker's  knowledge  of  comnuuuty  ic-omces  when  diicct  hel|) 
is  needed  for  the  patient  himself.  I  am  I'efeiring  here  to  such  situations  as 
contacts  with  school,  the  Department  ui  Welfaic.  the  Depaitnient  of  Re- 
habilitation, the  housing  authorities,  jol)  resoui'ces  and  the  like. 

It  is  my  belief  that  there  is  room  foi'  even  gi'eater  utilization  of  social 
service.  For  in.stancc,  when  a  i)atient  is  I'eadnntted  to  the  clinic,  the  casework 
contact  is  seldom  reopened  because  of  a  shortage  of  caseworkeis.  Creater  use 
of  caseworkers  could  also  be  made  in  certain  selectee  1  cases  whei-e  direct 
casework  with  th(>  patient  would  be  the  treatment  of  choice. 


582 


SAMUEL  L.  SAFIRSTEIX 


llitluTto  the  clinic  relied  iniinarily  on  the  psycholoiiical  work-np  of  ])a- 
tients;  done  while  they  were  on  the  ini)atient  services.  The  Department  of 
Psychology  is  now  able  to  al)sorl)  additional  referrals,  coming  directly  from 
the  Aftercare  Clinics.  We  intend  to  take  advantage  of  this  o])i)ortunity 
to  rctest  selected  i)aticnts.  who  have  been  in  treatment  for  one  year  or  longer, 
in  order  to  comjiure  possible  changes  due  to  treatment. 

From  even  a  brief  consideration  of  Table  I,  it  is  apparent  that  certain  meas- 
ures are  necessaiy  to  take  care  of  the  constantly  increasing  numbers  of  patients 
in  the  Aftercare  Clinics.  This  makes  it  imperative  to  discuss  a  philosophy  of 
aftercare  treatment.  Since  it  is  impossible  to  consider  aftercare  without  consid- 
ering care,  any  discussion  of  aftercare  will  have  to  touch  on  in])atient  care  as 
well. 

When  I  picture  schematically  inpatient  care  I  see  a  man  in  a  white 
coat  with  his  front  toward  the  hospital  and  his  back  toward  the  community. 
When  I  picture  outpatient  care  I  see  a  man  with  his  back  to  the  hospital 
and  his  front  to  the  outside  community.  When  we  put  the  two  men  back  to 
l)ack.  we  have  a  care  unit  with  alternating  emphasis  on  inpatient  or  out- 
patient care. 

The  aftercare  patient  is  weak  and  unsteady  on  his  feet.  He  is  helped  to 
either  regain  his  premorbid  place  in  the  community  or  is  rehabilitated  to  oc- 
cupy a  somewhat  different  place.  In  either  case  aftercare  is  with  him  until 
he  can  function  l)y  himself.  Even  after  his  discharge  his  ties  with  the  hospital 
and  the  clinic  continue  invisibly  in  his  knowledge  that  sliould  he  require  help 
in  the  future  the  doors  of  the  clinic  are  open  to  him.  This  is  what  we  tell 
patients  when  we  prepare  them  for  discharge.  Tliis  is  what  keeps  many  of 
them  going  and  willing  to  try  life  on  their  own.  The  "open  door"  policy  in 
our  aftercare  clinic  is  a  basic  prinicj)le  that  carries  important  implications. 
One  such  implication  is  that  unless  the  patient  must  be  rehospitalized  as 
a  matter  of  emergency,  he  will  come  to  the  Aftercare  Clinic  first,  whether  it 
is  a  month,  a  year  or  10  years  after  his  discharge.  It  is  the  Aftercare  Clinic 
that  has  the  opportunity  to  evaluate  his  condition  and  determine  a  course 
of  action  which  very  often  consists  of  readmission  to  the  clinic  for  a 
brief  period  of  supportive  psychotherapy.  Some  years  ago  I  presented  such 
a  case  (3)  which  involved  a  33  year  old  schizophrenic  man,  a  former  patient 
of  the  Aftercare  Clinic  who,  following  certain  special  circumstances,  developed 
an  acute  anxiety  attack  and  returned  for  help.  With  the  information  of  his 
jirevious  ward  and  clinic  records,  psychological  and  social  service  work- 
ups, this  man  was  able  to  be  discharged  after  9  half-hour  psychotherapy  se>- 
sions  and  we  have  not  heard  from  him  since.  Such  brief  readmissions  to  the 
clinic  arc  common  occurences. 

The  "open  door"  policy  can  also  l)e  paraphrased  as  "once  an  aftercare  pa- 
tient, always  an  aftercare  patient,"  which  means  that  we  have  the  opportunity 
to  follow  our  patient  not  only  in  sickness  but  also  in  health  and  to 
intervene  when  the  very  first  .symptoms  of  recurring  illness  api)ear.  It  i- 
in  this  sense  tliat  the  aftercare  clinic  performs  a  preventive  function  with 
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its  fornuT  patients.  l)y  inaintainiii<i  invisil)le  ties  of  unresolved  transfeivnce 
with  them  and  seeinii  them  Ix't'oic  there  has  been  u  complete  break  in  their 
psychic  e<iuilibrimn.  Tlie  At'tercare  Clinic  is  the  first  agency  to  which 
its  former  patients  tuin  when  in  need.  In  a  way  it  can  be  said  that  tiiese  pa- 
tients are  never  dischaiiicd.  They  are  merely  taken  off  the  active  list. 

If  we  agree  then  that  the  i)atient  can  I'cach  ns  wlien  in  need,  and  if  the 
])atient  and  his  I'elativi's  are  aware  of  this,  could  we  not  try  a  faster  dis- 
cliarge  rate  from  the  clinic?  By  nsini^  st)nn'what  dilTerent  criteria  haviiiif  to 
do  with  degree  of  functioning  in  the  community,  we  could  pei-haps  he  more 
daring  and  cncotu'atie  earlier  dischai-ges  of  our  patit'uts.  We  have  been  doing 
this  on  a  small  scale  and  on  a  trial  l)a>is  in  1964  and  this  is  refiectecl  in  the  rela- 
tively high  number  of  dischai-ges  il4()l  during  that  year. 

The  use  of  the  woi'ds  "health  and  illness"  in  rtd'erence  to  aftercare  patients, 
in  or  out  of  the  clinic.  I'etiuii'e  definition  in  this  context.  I  see  mental  illness 
as  a  chi-onic  disease  process  ac(|uired  early  in  cliililliood  which  excnt ually 
becomes  a  way  of  lift'.  There  is  stmctiu-c  and  ^upcrsti'ucture  of  (lri\'es  and 
defenses  against  them  on  multi|)le  le\-<'ls  of  the  pei'sonality  make-tip  which 
are  of  a  conflicting  nature,  setting  up  potentially  ei'uptive  and  disintegra- 
tive patterns.  These  are  kejit  in  balance  by  homeostatic  foi'ces  operative  in 
every  living  organism,  ^^'hen  homeostatic  foi'ces  ai'e  at  work,  the  in- 
dividual is  in  a  state  of  relati^'e  well-being,  his  anxiety  le\'el  is  low  and  he 
is  often  capable  of  a  high  Ivvvl  of  ftmctioning.  For  the  ptn-pose  of  this  dis- 
cussion as  well  as  a  practical  ap])i'oach  to  restorative  psychothei'a])y,  I  call 
this  state  health.  When  homeostatic  forces  are  overcome  by  disrtiptive  con- 
flict, anxiety  becomes  o^•erwhelming  and  disease,  disetiuilibrimn  and  dis- 
integration become  l)er^•asi^•e.  \\v  have  a  state  of  decompensation.  The  first 
and  foremost  task  of  therapy  is  to  create  and  foster  circumstances  that  allow 
reintegration  and  homeostasis  to  be  operative  again.  Successful  treatment 
consists  of  I'estoring  the  patient  to  the  state  of  functioning  of  which  he  was 
capable  prior  to  becoming  sick.  \A'hat  I  call  health  then,  is  a  chronic  state 
of  sicknc'ss  in  which  the  indi^•idual  is  able  to  fimction  and  deri\-e  certain 
satisfaction-  and  pleasures  from  living.  Wlmt  I  call  sickness  is  an  acute  state 
5uperim|)o>-e(l  on  tlu'  chronic  structmx'  which  brings  about  disintegration  of 
the  personality  anil  dysfunction.  I  do  not  close  my  eyes  to  the  chronic  state 
of  mental  illness  present  in  many  of  those  cajiable  of  successful  functioning 
but  this  belongs  to  the  realm  of  reconstrtlcti^•e  therapy  (4).  It  seems  to  me  that 
in  a  psychiatric  tmit  of  a  general  hospital  we  are  first  and  foremost  com- 
mitted to  restoration  of  function,  a  therajKaitic  aim  followed  by  all  medical 
disciplines. 

Does  this  mean  that  all  we  are  interested  in  is  taking  care  of  emergency 
situations  and  (pneting  down  acute  anxiety  states'.'  I  should  not  fed  uiie;i.->- 
if  this  were  the  only  therapeutic  goal,  in  certain  i)sychiat ric  >ettnig>,  for 
certain  types  of  patients.  There  is  enough  challenge  in  this  relati\-cly  mod- 
est therapeutic  aim  to  keep  many  generations  of  i^sychiatrists  busy.  However, 
this  does  not  have  to  be  the  only  thei-aixaitic  aim.  Each  acute  <lisef|uilib- 
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riuni.  disintegration  and  l)reak  ol  honieostatsis  ort'crs  thv  opportunity  for 
reintegration  on  a  s-liglitly  different  basis  than  the  one  that  existed  l)efore.  If 
we  can  exercise  our  therapeutic  influence,  during  tlie  very  sensitive  period 
of  reintegration,  on  a  tiny  segment  or  sector  of  the  personahty  we  can  make 
a  tremendous  difference  in  the  patient's  future  life.  A  small  correction  in 
a  sensitive  area  of  the  i)atient's  ])ersonality  may  have  reverberating  results 
in  areas  that  really  matter  to  the  jiatient  in  his  way  of  life.  To  mention  a  very 
brief  clinical  examj^le,  a  38  year  old  depressed,  married  woman  with  2 
children  was  treated  on  the  ward  without  improvement.  Decision  for  ECT 
was  made  and  nine  treatments  were  given.  There  was  still  no  improvement, 
but  before  more  ECT  was  decided  upon  the  resident-therapist  was  able 
to  reach  his  patient  on  the  "real  object"  level.  In  tlie  ensuing  excellent 
doctor-patient  relationship,  the  patient  was  jjermitted  and  even  encouraged 
to  ventilate  her  enormous  angi-r  toward  hei-  husband.  After  she  left  the  ward 
and  came  to  the  Aftercare  Clinic,  she  began  to  exi)ress  her  anger  directly 
to  her  husband  with  whom  she  had  been  rather  compliant  in  the  ])ast.  A 
difficult  period  of  actual  marital  battling  followed,  during  which  the  patient 
found  support  in  her  therapist.  Eventually  the  i)atient  won  important  con- 
cessions in  the  way  her  husband  treated  her  which  jiermitted  a  satisfactory 
relationship  and  a  good  deal  of  satisfaction  in  her  married  life.  She  is  now 
discharged.  Each  resident  has  one  or  more  cases  like  this  with  whom  meaning- 
ful, goal-directed  and  goal-limited  psychotherapy  is  done. 

I  have  heard  the  question  asked:  where  is  jisychotherapy  to  be  done? 
On  the  inpatient  service  or  in  the  Aftercare  Clinic?  There  are  those  who 
believe  that  all  the  wards  should  be  concerned  with,  is  to  bring  about  com- 
pensation and  reintegration  and  only  when  the  patient  comes  to  the 
clinic  does  meaningful  psychotherapy  begin  and  continue.  Others,  at  the 
the  opposite  extreme,  believe  that  the  only  place  where  important  psycho- 
thera])y  can  take  place  is  on  the  inpatient  .><ervice,  while  the  clinic  must 
concern  itself  with  consolidation  of  accjuired  gains.  I  find  the  ward-clinic 
dichotomy  artificial,  arbitrary  and  actually  lianuful  to  our  therapeutic  en- 
deavors. As  I  indicated  before,  wards  and  clinics  are  involved  in  the  same 
proce.s.s  of  care  and  psychotherapy  is  begun  on  the  ward  and  continued  in  the 
clinic.  The  therapist,  in  the  person  of  the  resident,  remains  the  same  on 
the  ward  and  in  the  clinic  and  at  least  for  a  period,  assures  such  continuity. 
Later  on,  the  Aftercare  Clinic,  the  Department  of  Psychiatry  and  the  ho>- 
pital  remain  the  symbol  of  continuity,  not  only  for  the  i)atient  hut  also  In- 
family. 

I  would  like  to  make  a  case  for  more  co-opei-ative  effort  between  the  wards 
and  the  Aftercare  Clinics.  It  seems  that  a  live  concept  of  ward-aftercare  clinic 
continuum  could  be  of  benefit  to  both  patient  care  and  resident  training. 
Here  are  .some  points  that  come  to  mind. 

1.  A  clear  conden.sed  view  of  the  patient  u])()n  his  discharge  fiom  the  ward 
is  needed  for  his  continuing  care  in  the  Aftercare  Clinic.  This  could  i)e  con- 
tained in  a  short  note  indicating  (a)  goals  of  treatment  on  the  ward,  the 
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extent  to  which  they  wvvv  aeooinplisht'd,  nuxhfied,  or  abandoned,  and  ihl  (h- 
rections  to  follow  coneernin<2;  the  future  treatment  of  the  patient  according  to 
the  ward  team.  Thes;e  are  matters  usually  discussed  at  the^  discharp;e  con- 
ference. The  knowledge  of  the  salient  points  of  this  conference  would  assist 
the  Aftercare  Clinic  in  its  treatment  plans.  In  the  ideal  situation  a  ptMson 
from  the  Aftercare  Clinic  should  he  i)resent  at  the  discharge  conference  if  at 
all  i)ossible. 

2.  It  is  generally  agreed  that  the  transition  fi-om  ward  to  clinic  is  abrupt. 
As  a  conset|uence,  worsening  in  the  jjatimt's  condition  in  the  first  week 
after  discharge  from  the  ward  is  a  faii'ly  couimon  phenomenon.  At  times 
the  patient  has  to  he  rehospitalized.  I  wonder  whether  a  weaiiiu^  pr()Cf»  prior 
to  discharge  from  the  ward  might  not  reduce  the  possibility  of  early  n  lai)se. 
What  I  mean  b>-  weaning  is  a  gradual  reduction  of  in(li^•idual  p>ych()t  hei'apy 
sessions,  discu.->ion  with  the  i)atii'nt  of  the  aftercare  program  and  e\(ii  intro- 
duction of  the  i)atient  to  the  clinic's  locale  and  its  jjersonnel. 

3.  Since  all  our  patients  come  from  the  inpatient  service,  ward  disposi- 
tion of  patients  affects  tlu'  Aftercare  Clinics.  Consideration  might  be  given 
as  to  whether  every  patient  is  in  need  of  aftercare  treatment,  as  it  seems 
that  every  i)atient  discliai-ge(l  from  the  unit  automatically  becomes  an 
aftercare  patient,  ^^'e  I'ven  i-(>ceive  some  ]M■i^•ate  patients.  Among  those 
who  tlo  need  aftercare  treatment  some  might  be  followed  in  clinics  closer 
to  the  jiatient's  home;  we  have  |)atients  who  ti'avel  considerable  distances  to 
come  to  the  clinic.  Thought  could  also  be  given  to  aftercare  by  i)rivate 
non-psychiatric  jjliysicians  in  certain  selected,  micomi)licate(l  situations. 

4.  When  it  comes  to  icsearch,  mostly  of  a  clinical  nature,  there  is  a  tre- 
mendous opportunity  and  a  wt'altli  of  material  in  the  Aftercare  Clinics  await- 
ing interested  individuals.  It  seems  inconceivable  that  a  clinical  research 
project  would  not  be  connected  with  the  clinics.  To  use  the  problem  of  at- 
tempted suicides  as  an  example,  they  occur  while  the  patient  is  on  the  ward, 
in  the  clinic  and  aftei'  the  patient  is  discharged  to  the  community.  Any  re- 
search team  into  such  a  {ii'oblem  should  also  include  staff  from  the  clinic. 

5.  There  is  one  area  in  which  there  has  been  a  remarkal)le  degree  of  co- 
operation between  the  wards  and  the  Aftercai'e  Clinics.  It  is  preceptoiing.*  The 
meeting  ground  is  the  iireceptors'  conference.  Although  the  emphasis  is 
on  training,  a  munber  of  problems  taken  demonstrate  clearly  the  ward- 
aftercare  continuum,  ^^'hen  the  unit  preceptor  ends  his  story  with  the  patient's 
discharge  from  the  ward,  tiie  super^•isor  from  aftercare  |)icks  up  and  cari'ies 
the  story  forward  through  the  clinic  stay. 

Amid  the  satisfactions  and  fi'u.-trations  of  working  in  an  aftercare  setting, 
there  is  the  thought  of  the  future  and  an  attempt  to  project  jiossibilities  of 
growth  and  develotanent  of  the  afteiTai'e  concept.  AMien  we  follow  the  evolu- 
tion of  the  mental  hospital,  isolated  and  behind  thicks  walls  where  peoi)le  were 
"put  away,"  we  notice  that  one  asjiect  has  been  a  steady  progression  of  events 

*In  The  Mount  Sinai  Hospital,  Department  of  Psychiatiy  supei'\-isoiy  psychiatri.'^^ts  are 
called  Preceptors. 


o8(i  SAMIKL  L.  SAFIKSTEIX 

that  U'ad  to  supplying  the  jiationt  with  a  Hfc  that  would  fcscuihlo  life  in  the 
connuunity  outside  the  hospital.  Work,  feereation,  home  visits,  theraixnitic 
coninuuiity,  an-  some  aspeets  of  this  trend.  An  o\n'U  dooi-  policy  and  psychi- 
atric departments  in  general  hosjiitals  have  made  the  homidai'ies  between  the 
t)ut>idc  and  the  inside  I'ven  mow  tluid.  The  next  step  seems  to  he  in  the  direc- 
tion of  sui)i)lying  the  necessary  treatment  in  the  comnuinity  without  taking  the 
patient  out  of  his  milieu. 

I  recently  read  a  rejiort  on  psychiatric  care  in  certain  parts  of  Nigeria 
by  Raymond  Prince  (ol.  Thei'e,  among  the  ^'aruba  ti-ibes,  ])sychi;itry  never 
left  the  comnuinity  level  and  the  local  healer,  who  speciaHzes  in  the  treatment 
of  ]")sycliotics,  does  all  his  therapy  either  in  his  oi-  his  patient's  hut.  It 
seems  that  in  our  western  civilization  the  care  of  tlie  psychiati'ic  patient  had 
to  go  through  the  stages  of  first  incaicerat ion  and  then  remo\al  and  isola- 
tion. But  the  trend  is  definitely  towaid  communit>-  le\-el  car(>  and  not  only  by 
the  psychiatrist  but  also  by  t he  noii-psychiat I'ic  practitioner. 

It  is  not  accidental  that  we  |)refei-  to  use  the  term  aftercare  services  instead 
of  Aftercare  ("linic.  At  this  point,  we  ha\-e  many  thei'apeutic  services  at 
our  disposal  at  the  clinic  le\-el,  ranging  from  powerful  drugs,  ])sycho- 
thera])y  in  its  many  t'oi-ms  and  ^•ariati()ns,  casewoi'k,  ambulatoiy  hX'T,  rec- 
reational therapy  and  occupational  therapy.  I  would  like  to  see  all  these 
services  enlarged  in  sco|)e  and  depth.  Htit  there  is  more  that  aftei'care  can  do. 
It  could  become  a  i)()ol  of  sei-\-ices  for  foi'iiier  psychiatric  inpatients  of 
this  hospital  and  theii'  families  which  would  bridge  the  gaj)  between 
life  in  the  commtinity  and  life  in  the  h()s|)it;d.  \\'hat  I  em'isage  here  is  e\-en  a 
further  bhirring  of  the  boundaries  between  in-  and  out-patient  care  or  even 
between  ]iatient  and  non-patient.  Hut  the  gi-(>atest  gap  aftercare  could 
fill  is  the  gap  in  the  treatment  cycle  itself,  between  aftercai'e  and  forecare.  It 
seems  that  the  future  of  aftercare  lies  in  the  challenge  of  not  only  how  to  re- 
store function  on  the  family  and  community  le\'els  but  how  to  help 
maintain  ftmction  in  the  face  of  iiidi\-idnal,  familial  and  social  stresses. 
Tliis  is  an  enormous  task  that  would  re(|iiire  tremendous  resources.  But 
couldn't  we  do  something  on  a  modest  scale?  I  can  think  of  a  few  measures 
that  coulfl  be  tried  out  on  a  tentative  basis. 

1.  Home  \'isits.  In  .s(>lccted  cases,  a  team  of  doctor  and  caseworker  would 
vi>it  the  |)atieiit's  home,  explore  the  home  and  family  situation.  This  would 
be  incduded  in  the  ])r<)gi'am  of  treatment  i)l;uming  h)r  the  patient  and  family 
members. 

2.  Treatment  of  Relatives.  When  psychiatric  treatment  of  a  signihcant 
relative  is  indicated,  this  could  be  done  in  the  Aftei'care  Clinic  as  part 
of  total  family  treatment  program.  At  this  i)oint,  relatives  in  nee(l  of  |)sychi- 
atric  treatment  are  referred  to  other  out-patient  de|)artment  psychiatric 
clinics. 

3.  T'nilied  Aftercare  System.  At-  this  i)oint  we  have  fotir  aftercare  services  in 
the  Department:  Child  Psychiatry,  Adult  Psychiatry,  Adolescent  Psychia- 
try and  the  Day  and  Night  Center.  Child  Psychiatry  has  to  be  ke|)t  a|)art 
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ht'oau.'^e  of  sprcial  and  basic  (liltVivnccs.  The  other  three  services  may  stand 
to  l)enefit  from  unification,  A  study  of  such  a  ])()ssil)ility  would  l)e  indi- 
cated. 

4.  Co-operation  with  Otlier  Psychiatric  Facilities  in  the  Conununity.  When 
more  prolonged  treatment  is  re(|uire(l.  the  wai'ds  and  the  clinics  send  their 
patients  to  city  or  state  hospitals.  ri)()n  disci iai'ii;e  fi'om  these  hospitals 
most  of  them  request  aftercare  in  this  hospital.  I']ach  patient  is  c()n>id(  rfd 
individually  and  if  we  have  something  tangible  to  offer  he  is  admitted.  We 
have  develoju'd  important  relationships  with  several  state  hosi)itals  and 
Bellevue  Hospital  which  are  helpful  when  institutional  care  is  needed.  We 
even  had  a  situation  where  an  inpatient  in  a  state  hospital  came  to  us  for 
regularly  scheduled  i)sychotherapy.  Sometimes  se^■eral  institutionalizations 
are  necessary  before  a  patient  can  find  his  level  of  functioning  in  the  com- 
numity.  Co-operation  with  other  community  jisychiatric  facilities  is  of  great 
importance  to  our  own  functioning. 

SUMMARY 

The  aftercare  i)sychiatric  services  of  The  Mount  Sinai  Hosi)ital,  Depart- 
ment of  Psychiatry,  are  in  a  state  of  flux  due  to  a  marked  increase  in  the 
number  of  patients.  In  an  attempt  to  cope  with  a  challenging  situation,  mul- 
tiple avenues  of  approaches  ari'  refpiired.  Some  have  been  suggested.  What 
is  also  needed  is  a  cleai-er  philosojihy  of  aftercare  ti'eatment  as  an  integral 
part  of  total  psychiatric  care.  Emphasis  on  ])atient  function  rather  than 
personality  change  seems  to  offer  good  possii)ilities. 

The  greatest  i)roniise  in  aftercare  lies  in  its  ability  to  prevent  recuri'ence 
of  acute  illness.  This  must  be  attempted  on  the  family  and  conununity 
levels  and  in  co-operation  with  other  psychiatric  facilities.  A  widened  con- 
cept of  aftercare  is  called  for. 

REFERENCES 

1.  Kaufman,  M.  R.:  A  Xetwoik  of  Clinic.-?  for  Outpatients.  J.  Am.  Ho.sp.  A.,  38:  1964. 

2.  Kaufman,  M.  R.:  A  P.-<ycluatric  I'nit  in  a  Coneral  Hospital.  J.  Mt.  Sinai  Ho.sp.,  24:  5, 

1957. 

3.  Samuel  L.  .'Safirstein  :  Limited  Goal  Theraiiy— Ca.se  Report.  Presented  at  Monthly  De- 

partmental Conference  at  The  Mount  Sinai  Hospital,  Jan.  6,  1959  (unpublished). 

4.  Samuel  L.  Satirstein:  Sta^e  Fright  in  a  Musirian,  a  Segment  of  an  Analy.sis.  Am.  J. 

Psychoanalysis,  32:  1,  1963. 

5.  Prince,  R.:  Doffing  Our  Pith  Helmets.  Canada's  Mental  Health,  12:  3,  1964. 


Hv|)<)«raslric  Artery  Lijialioii  and  Its  Value  in  the 
Control  of  Pelvic  Heniorrlia<;e 
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Baltimore,  Marylaml 

Despite  recent  atlvances  in  the  reduction  of  maternal  mortality,  hemorrhage 
remains  one  of  the  foremost  causes  of  death  in  the  childbearing  period.  In  pa- 
tients who  have  pelvic  operations,  serious  blood  loss  is  also  a  major  cause  of 
death.  The  ability  to  control  bleeding  in  either  the  obstetric  or  gynecologic  pa- 
tient is  often  difficult  or  impossible  with  the  knowTi  standard  procedures.  Even 
with  the  availability  of  blood,  the  recognition  of  the  various  hemorrhagic 
diatheses  and  the  prompt  treatment  of  hemorrhage  by  massive  transfusion, 
fibrinogen.  vasoi)ressor  or  vasodilator  agents  may  not  be  sufficient  to  save  a 
life.  Under  those  unusual  circumstances,  therefore,  some  additional  methods  arc 
needcfl.  It  would  seem  that  the  revival  and  use  of  hypogastric  artery  ligation 
would  offer  a  simple,  safe  and  effective  mode  of  dealing  with  this  serious  com- 
plication. 

To  emphasize  the  efficacy  of  the  procedure,  a  review  of  the  literature,  a 
demonstration  of  the  anatomical  and  surgical  features,  as  well  as  the  study  of 
the  exiicrience  of  the  g>-neco!ogic-ol)stetric  service  at  the  Sinai  Hospital,  wa- 
undertaken. 

RKVIEW  OF  THE  LITERATURE 

Similar  to  the  employment  of  early  ambulation  and  the  use  of  the  tran.sver?< 
abdominal  incision,  ligation  of  the  hypogastric  arteries  for  the  control  of  un- 
abated bleeding  is  not  new.  All  of  these  procedures  were  previously  advocated, 
used,  found  to  be  satisfactory,  but  eventually  discarded  for  rea.-^ons  not  clear. 
Over  half  a  century  ago,  Kelly  (1),  Pr>'or  (2)  and  Kronig  (3)  ligated  tli' 
hypogastric  arteries  to  control  hemorrhage  after  spontaneous  or  operatic 
bleeding  in  genital  carcinoma.  More  recently.  Decker  (4).  Reich  and  Xechto 
(5),  Siegel  and  Mengert  (6)  as  well  as  others  (7-12)  advocated  ligation  of  tl- 
internal  iliac  ves.sels  for  serious  hemorrhage  in  the  obstetric-g>-necologic  pa- 
tient. Reports  of  those  authors  have  done  much  to  refocus  attention  to  a  valua- 
able  aid  to  those  who  perform  pelvic  and  obstetric  operations. 

AXATO.MIC  AND  SIRGICAL  COXSIDERATIOX 

Anatomy 

Acconling  to  Cunningham's  textbook  of  anatomy,  the  hypogastric  artery  in 
the  fetus  is  a  direct  continuation  of  the  common  iliac  trunk.  This  extension 
supplies  numerous  branches  to  the  pelvis.  It  runs  upward  on  the  anterior  ab- 
dominal wall  and  is  prolonged  to  the  umbilicus  through  the  cord  to  the  pla- 

From  The  Department  Of  GynecoloK>'  and  Ob.stetrir-.s,  Sinai  Ho.spital,  Bahimore,  M'l. 
*  Former  Resident  in  Gynecology-,  The  Mount  Sinai  Ho.spifal,  New  York,  X.  Y. 
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crnta.  When  placental  circulation  cca.<cs.  the  uinl)ilical  i)oi-ti()ii  atropines.  The 
pei'nianent  hyitoiiastric  ( Fitr.  ll  is  a  short  vessel,  frequently  longer  on  the 
right  than  on  the  left  side.  It  arises  from  the  common  iliac,  oit[iosite  the  sacro- 
iliac articulation,  and  then  descends  into  the  jielvis  to  terminate  opposite  the 
upper  border  of  the  sciatic  notch  into  an  anterior  and  posterior  division.  Each 


^.  epi^ostincd  inf. 

Fir..  1.  The  liyiio<i:i>tiic  artcrx-  and  it.<  Ijianclios. 
From  Anson.  B.  J.:  An  Atla.*  of  Human  Anatduiy.  Philadelphia.  W.  B.  Saunder.s  Com- 
pany, 1950. 

artery  is  covered  anteriorly  and  medially  l)y  jieritoneum.  Behind  the  peri- 
toneum lies  the  corresponding  ureter  which  descends  alon<i  the  anterior  border 
of  the  artery.  The  pelvic  colon  lies  in  front  and  to  the  medial  side  of  the  left 
vessel,  while  the  terminal  portion  of  the  ileum  1)(  ai>  the  same  relationship  to 
the  right  artery.  Posteriorly  are  located  the  ^cin.-,  the  lumbosacral  plexus  and 
the  sacroiliac  joint.  The  branches  of  the  two  divisions  are  as  follows: 

Posterior 

1.  Ilio-lumbar 


590 


]I.  MKLVl.N  RADMAN 


2.  Latrral  sacral 

3.  Sui)(.M-ior  gluteal 
Antrrior 

1.  Obturator 

2.  Inl'crioi-  gluteal 

3.  Internal  inulendal 

4.  Inferior  \oical 

5.  Su]H'rior  \'esieal 

6.  Middle  hemorrhoidal 

7.  Uterine 

8.  Vaginal 

According  to  Shafiroff'  and  his  co-workers  (12l  the  secondary  blood  supply 
to  the  pelvis  consists  of  collateral  pathways  to  both  trunks  of  the  hypogastric 
arteries,  and  an  extensive  circulation  across  the  midline.  AMien  one  of  those 
arteries  is  occluded,  blood  sui)ply  is  quickly  restored  acioss  the  midline  from 
the  opposite  side.  Ligation  of  both  vessels  eliminates  this  cross  ciiculation, 
blood  flow  then  dcjiending  ui)on  anastomosis  from  the  lumbar,  tlu'  middle 
sacral,  the  superioi-  hemorrhoidal  and  fiom  branches  of  the  external  iliac 
artery.  The  su])ply  fi-om  those  clianuels  is  limited,  and  temporarily  the  effect 
is  that  of  oligemia.  However,  in  experimental  animals,  Diaih'ast  injected  into 
the  abdominal  aorta  above  bilateially  ligate(l  hypogastric  aitei'ies  i-e\-ealed 
that  there  was  adeciuate  sup|)ly  to  the  j)eh-ic  organs  antl  tissues  through  well 
formed  anastomoses. 

Operation.'^ 

The  transal)doniinal  ai)proach  is  preferable  althotigh  the  extra|)eritoneal 
operation  is  acceptable.  This  intra])eiitoneal  exposure  allows  the  hypogastric 
vessels  to  be  ligated  through  a  single  incision,  and  inspection  and  treatment  of 
l)elvic  ])athology  is  j)ossil)le.  With  the  patient  in  Treiidelenbmg  ])osition,  the 
abdominal  cavity  is  entered  through  the  midHue.  'I'he  bowel  is  packed  off  high 
in  the  peritoneal  ca\-ity  >o  that  adecfuate  ex]>osm'e  of  the  ])osterior  peritoneum 
is  obtained.  This  structuic  is  then  incise(|  foi-  7  to  8  cm  ()\-er  the  common  iliac 
vessel.  The  ureters  usuall>'  remain  attached  to  the  medial  peritoneal  (lap.  The 
hypoga.-tric  arteries  are  thus  \-isualize(l,  ideiitifiecj  and  dissected  fi'ee  fi'om  2  to 
3  cm.  An  aneurysm  iieedh^  with  2  silk  or  nylon  stitures  is  passed  ai'ound  the 
vessel,  one  close  to  its  oi-igin  and  the  othei'  2  cm  distaL  lioth  of  the  sutures  ai-e 
tied  and  the  artery  (hvide(l.  ( 'ai-eful  consideration  should  l)e  gi\-en  to  the  termi- 
nal portion  of  the  ileum,  the  uretei's,  the  superioi'  hemoriiioidal  artery  and 
rectum,  as  well  as  the  hy|)ogastric  veins  ami  obturator  nerve. 

SOfKCK  OF  .MATKHIAI. 

The  lifesaving  potential  of  hy|)ogasti'ic  artery  ligation  was  amply  demon- 
strated in  a  survey  at  the  Sinai  Hospital.  From  ]9')8  to  19()3  inclusi\-ely,  (here 
were  24,7o4  ob.-tetric  and  ]2.")83  gynecologic  admittances.  'I1ie  material  was 
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aniarisi'cl  from  statistics  sii|)i)lie(l  by  tlu'  Adiuittaiicc  Office,  (lucstioniiaircs  to 
staff  luciiihers,  and  Reconl  Room  charts.  In  this  mannci'  nine  cxamph's  of  ves- 
sel ligation  were  found;  three  from  the  ward  and  six  fi-om  tlfe  piivate  service 
(Table  I).  Since  the  training  of  house  staff  is  essential  in  this  particular  tech- 
nique, it  is  gratifying  to  note  that  since  1958  the  icsidents  have  had  an  oi)i)or- 
timity  to  observe  and  perform  this  operation.  This  study  showed  that  uncon- 
trolled bleeding  in  both  obstetric  and  gynecologic  i)atients  responded  well  to 
hypogastric  artery  ligation  when  the  conventional  methods  of  control  failed.  In 
the  obstetric  series  two  patients  reacted  promptly  to  the  proceduic.  However, 
in  one  the  bleeding  continued  and  did  not  stop  until  the  uterus  was  removed. 
The  assessment  of  the  gynecologic  jiatients  was  also  of  interest.  Prophylactic 


TABLE  I 

Patients  Who  Had  H ypogastric  Artery  Ligations 


Type  of  Patient 

Diagnosis 

Initial  Operation 

Number  of 
Transfusions 

Obstetric  Pa- 
tients 

Ruptured   uterus.  Previous 

cesarean  section 
Abrupt io  placentae 
Postpartum  hemorrhage 

Total   abdominal  hysterec- 
tomy 

Cesarean  hysterectomy 
Curettage.  Total  abdominal 
hysterectomy 

14  units 

20  units 
8  units 

Gynecologic 
Patients 

Endometrial  carcinoma 
Dysfunctional  uterine  bleed- 
ing 

Fibromyomata  uteri 

Carcinoma  of  cervi.x,  stage  I 
Prolapse  of  uterus 
Carcinoma  of  cervi.x,  stage 
III 

Abdominal  hysterectomy 
Total    abdominal  hysterec- 
tomy- 

Total    al)dominal  hysterec- 
tomy 

Radical  hysterectomy 
\'aginal  hysterectomy 
Radium  and  X-ray 

13  units 
13  units 

3  units 

4  units 
6  units 

18  units 

ligation  was  done  on  two  patients  who  had  carcinomatous  lesions,  on  the  basis 
that  the  contemplated  operation  would  be  attended  by  severe  blood  loss.  The 
remaining  fotir  jnitients  were  operated  upon  from  ten  to  twelve  hours  after 
their  original  operation.  In  retrospect,  the  delay  occasioned  by  vaginal  packing 
and  attempts  to  locate  and  stiture  bleeding  points  was  not  justified  since  con- 
tinued hemorrhage  miiilit  have  exposed  the  patients  to  irreversible  shock. 

The  transabdounnal  ai)i)roach  was  used  seven  times.  In  the  two  instances 
where  the  extraperitoneal  technic  was  used,  difficulty  was  encountered  in  ex- 
posure and  identification  of  the  vessels. 

Following;  i<  a  short  suumiary  of  the  history  of  each  patient  on  whom  a 
hypo<^a-tric  ai  tcry  ligation  was  done. 

Obstetric 

Case  1.  This  25  year  old  woman  entered  the  ho.spital  with  a  rupture  of  the 
uterus  in  the  29th  week  of  a  twin  [n-egnancy.  Her  previous  delivery  had  been  by 
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clasi^ioal  cesarean  section.  Upon  admittance,  a  total  abdominal  hysterectomy 
was  done  immediately.  Several  hours  later  it  became  evident  that  there  was 
intraperitoneal  bleechng.  Therefore,  twelve  hours  after  the  original  operation  a 
second  lajjarotomy  was  done.  Profuse  bleeding  was  found  behind  the  bladder 
flap  and  as  no  specific  point  of  hemorrhage  could  be  located,  a  right  hypogas- 
tric ligation  was  performed.  She  received  14  units  of  blood.  The  postoperative 
course  was  complicated  by  wound  disruption  on  the  eighth  day.  Her  recovery 
was  uneventful  after  a  secondary  closure. 

Case  2.  This  24  year  old  woman  entered  the  hospital  at  the  38th  week  of 
pregnancy,  with  signs  and  symptoms  of  premature  placental  separation.  Be- 
cause of  fetal  death,  an  attemjit  was  made  at  vaginal  delivery.  Oxytocic  stim- 
ulation proved  to  be  unsuccessful  and  since  the  symptoms  progressed,  a  classi- 
cal cesarean  section  and  total  abdominal  hysterectomy  were  done.  She 
continued  to  bleed  despite  the  control  of  hypovolemia  and  afibrinogenemia. 
After  20  units  of  blood  and  8  grams  of  fibrin,  a  bilateral  hypogastric  ligation  was 
carried  out  twenty-six  hours  following  the  initial  procedure.  The  bleeding 
ceased  and  the  recovery  was  uneventful. 

Case  3.  A  30  year  old  patient  entered  the  hosi)ital  with  profuse  bleeding  ten 
days  after  a  vaginal  delivery.  A  curettage  failed  to  control  the  bleeding.  Be- 
cause of  the  continued  hemorrhage  both  hypogastric  arteries  were  ligated. 
However,  twelve  hours  later  the  profuse  bleeding  persisted.  A  total  abdominal 
hysterectomy  was  done.  Upon  section  of  the  removed  uterus,  fragments  of  re- 
tained ])lacental  tissue  were  found. 

Gynecologic 

Case  1.  This  43  year  old  patient  had  a  total  abdominal  hysterectomy  for 
dysfunctional  bleeding.  She  re-entered  the  hospital  in  shock  ten  flays  after  her 
discharge.  Vaginal  i)acking  did  not  stoji  what  was  thought  to  be  bleeding  from 
the  cuflf.  At  exploratory  laparotomy  further  attempts  were  made  to  control 
hemorrhage  by  suture  of  the  right  parametrial  tissue  and  right  ovarian  vein. 
This  proved  to  be  unsuccessful,  and  a  second  operation  was  done  at  which 
time  both  hypogastric  arteries  were  ligated.  Her  recovery  was  uneventful. 

Ca.se  2.  A  44  year  old  patient  had  an  elective  total  hysterectomy  for  fil)ro- 
myomata  of  the  uterus.  After  operation  she  became  hypovolemic  and  failed  to 
respond  to  drugs  or  transfusion.  At  operation,  bleeding  was  found  in  the  right 
parametrial  area,  and  was  readily  controlled  by  right  hypogastric  artery  liga- 
tion. Postoperative  course  was  uncomplicated. 

Case  3.  This  45  year  old  woman  had  a  radical  hysterectomy  for  stage  I 
carcinoma  of  the  cervix.  Both  hypogastric  vessels  were  ligated  proi^hylactically 
at  the  time  of  operation.  Postoperative  course  was  benign  and  she  left  the 
hospital  as  improved. 

Case  4-  This  patient  was  63  years  of  age.  She  had  a  stage  HI  carcinoma  of 
the  cervix.  In  the  course  of  her  treatment  by  radiation,  vaginal  bleeding  be- 
came more  profuse.  The  control  of  the  hemorrhage  was  accomplished  by  hypo- 
ga.stric  artery  ligation  through  the  extraperitoneal  approach.  She  recovered 
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from  till'  oi)eration  hut  dietl  within  a  .short  time  from  <^c'neraHz(.'d  carcinoma- 
tosis. 

Case  5.  This  63  year  ohl  patient  was  o])erate(l  on  for  fihromyomata  uteri. 
Upon  entering  tlie  abdomen,  however,  she  was  found  to  have  an  extensive 
adenocarcinoma  of  the  entlometrium.  Prior  to  tlie  liysterectomy  l)oth  hyi)o- 
gastric  vessels  were  ligated.  Although  the  postoperative  course  was  stormy,  she 
recovered;  but  returned  to  the  hospital  six  months  later  with  widespread 
metastatic  lesions. 

Case  6.  This  was  a  43  year  old  jiatient  whose  original  operation  was  a 
vaginal  hysterectomy  and  anterior  and  posterior  coliiorrhaphy  for  uterine 
])rolapse.  The  day  she  left  the  hospital,  she  began  with  profuse  vaginal  bleed- 
ing. An  attempt  was  made  to  suture  the  cuff  at  exjjloratory  laparotomy.  The 
l)leeding  remained  unchecked,  and  at  a  third  operation  a  iiilatcial  h>'piigastric 
artery  ligation  was  done,  extraperitoneal.  Postopei'ative  course  was  mieventful. 

DISCUSSIOX 

Postiiartum  and  postoperative  hemorrhage  arc  serious  com])lications  that  re- 
quire immediate  attention.  The  lack  of  control  in  unabated  bleeding  may  re- 
sult in  rapid  death.  AMien  the  standard  methods  of  treatment  have  failed,  it 
becomes  essential  to  I'esort  to  other  means  without  delay.  The  ready  avail- 
ability of  blood  has  produced  a  fal>r  >en>c  of  sccuiity.  All  hypotension  is  not 
necessarily  associated  witli  blood  loss,  and  transfusion  may  cause  dangerous 
hypervolemia  (14).  In  addition,  even  the  single  blood  ti-ansfusion  is  known  to 
cause  death  in  appi'oximately  one  of  eveiy  1.10  patit'Uts,  40  years  of  age  or 
over,  as  the  result  of  serum  hepatitis  (1.5).  It  does  not  follow  that  blood  should 
not  be  used.  Emjihasis  is  jdaced  on  the  a^■oidance  of  transfusion  during  anes- 
thesia, a  rapid  evaluation  of  the  cause  of  the  hy])ovolemia  or  hemorrhage,  and 
prompt  definitive  treatment. 

A  knowledge  of  the  anatomical  and  surgical  aspects  of  tlie  vessels  that  su]i- 
ply  the  jielvic  organs  is  essential  for  vvvvy  physician  who  practict's  obstetrics 
and  gynecology.  Whvn  faced  with  vmcontrolk'd  bleeding  that  follows  vaginal 
or  abdominal  l)lce(ling,  or  after  a  jielvic  operation,  the  ability  to  locate  quickly 
and  ligate  the  hyjiogastric  arteries  may  mean  the  difference  between  life  and 
death.  The  works  of  Decker,  Reich  and  Nechtow,  Siegel  and  Alengert,  as  well 
as  others  have  contributed  to  the  re-establishment  of  this  procedure  as  one  of 
the  most  important  obstetric-gynecologic  technics. 

The  Sinai  Hospital  study  was  limited  in  number.  Despite  this,  the  residents 
in  the  past  six  years  have  had  the  opjiortunity  to  ]ierforiii  the  (i|)ri'ation.  Hypo- 
gastric ligation  in  this  series  was  done  transperitoneally  and  cxt  raperitoneally, 
prophylactically  and  of  necessity.  In  each  instance  the  immediate  result  was 
excellent. 

.SrMM.\RY 

1.  The  important  contributions  to  the  literature  that  pertains  to  hypogastric 
artery  ligation  have  been  reviewed. 
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2.  The  anatoinical  and  surgical  aspects  of  hypogastric  arteries  liave  been 
presented. 

3.  The  resuhs  in  a  survey  of  nine  patients  at  Sinai  Hospital  from  1958  to 
1963  who  had  internal  iliac  artery  ligations  in  the  course  of  their  treatment 
have  been  recorded. 

4.  Prompt  operation  is  em])hasized  for  the  control  of  bleeding  when  the 
standard  metliods  of  treatment  have  failed. 

A  D  UK  X  DIM 

It  would  be  natural  to  question,  whether  or  not,  a  successful  pregnancy 
occurred  in  any  jiatient  who  had  a  previous  ligation  of  the  internal  iliac  ar- 
teries. Given.  Gates,  and  Morgan  (16).  as  well  as  Reich  (17)  and  Nechtow  and 
Shinagawa  (18).  report  successful  inti'auterinc  jiregnancies  without  complica- 
tion at  the  time  of  delivery. 
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Rotation  of  the  Tj^E  and  PsE  Loops  in  Routine 
Veetorearcliou:raj>liv:  Simple  Metliod  of 
Determination 

PAUL  D.  STEIN*.  M.D..  and  LEON  PORDY^.  M.D. 
IXTRODVCTIOX 

Attention  recently  has  been  focused  on  analysis  of  the  TsE  loops  in  routine 
vectorcardiography  in  an  attempt  to  enhance  the  diagnostic  value  of  this  pro- 
cedure in  clinical  cardiology-  (ll.  However,  as  recorded  customarily,  the  TsE 
loop  is  of  such  small  magnitude  as  to  impede  accurate  study.  Even  after  mag- 
nification of  the  TsE  loop,  the  direction  of  rotation  in  many  instances  cannot 
be  visualized.  Since  direction  of  inscription  is  vital  in  the  interpretation  of 
veetorcardiographic  loops,  a  simple  method  for  determination  of  direction  of 
rotation  is  ])roposed.  This  consists  merely  of  increasing  the  duration  of  time 
between  drop-shaped  signals  from  2.5  milliseconds  to  10  milliseconds. 

METHOD 

The  method  of  recording  vectorcardiograms  in  our  laboratory  consisted  of  a 
Sanborn  amplifier  model  185A  with  an  attached  Frank  lead  selector,  and  a 
companion  Sanborn  Viso-scope  169A.  Photographs  were  made  with  high  speed 
Polaroid  film  ^3000  utilizing  a  Fairchild-Polaroid  oscilloscope  recording 
camera — model  F296.  For  routine  recordings,  photographs  were  taken  at  x  10, 
X  5  and  X  2  magnifications  in  the  frontal,  right  sagittal  and  horizontal  projec- 
tions for  both  the  cube  and  Frank  systems.  Loops  were  inscribed  with  "tear 
drop"'  shaped  signals  .<o  that  the  larger  end  of  the  drop  represented  the  front 
end.  i.e..  the  blunt  end  of  the  drop  faced  toward  the  direction  of  inscription  of 
the  loop.  For  routine  use.  duration  of  time  between  drop-shaped  signals  cus- 
tomarily has  been  2.5  milliseconds.  All  x  10  and  x  5  magnifications  were  re- 
corded at  this  time  signal  frequency.  For  better  visualization  of  the  direction  of 
in.scription  of  the  TsE  and  PsE  loops,  recordings  were  taken  at  X  2  magnifica- 
tion both  with  10  milliseconds  duration  between  signals  (one  drop  everj'  0.01 
sec.)  as  well  as  the  customary  2.5  millisecond  duration  between  signals  (four 
drops  every  0.01  sec.) . 

ILLUSTR.\TIOX 

An  example  of  the  application  of  this  method  is  illustrated  by  the  following 
case.  It  has  been  stated  that  in  left  bundle  branch  block,  if  the  rotation  of  the 
discordant  TsE  loop  is  in  the  same  direction  as  the  QRS  sE  loop,  the  T  wave 

From  the  Cardiographic  Laboraton-,  The  Mount  Sinai  Hofipital,  New  York.  X.  Y.  .^idod 
by  a  grant  from  Commi.^sioner  Hcnr>-  Fried  of  the  Fried  Foundation,  New  York,  X.  Y. 

*  Formerly  Fellow  in  Cardiolop-,  The  Mount  Sinai  Ho.spital,  Xew  York.  .\t  present, 
.A.s.'^i.-^tant  in  Medieine,  Tlie  Peter  Bent  Brigham  Hospital,  Boston,  Ma.s.saehii.«etts. 

t  A.s.«istant  Attending  in  Cardiology-,  Tlie  Mount  Sinai  Hospital,  Xew  York,  X.  Y. 
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changes  are  secondary;  whereas,  if  tlie  discordant  TsE  loop  rotates  in  an  oppo- 
site direction  to  tlie  QRS  sE  loop,  the  T  wave  changes  are  primary  (2) . 

L.  is  a  57  year  old  woman  with  coronary  atherosclerosis  manifested  by 
angina  pectoris  and  congestive  heai  t  failure.  The  routine  twelve  lead  electro- 
cardiogram revealed  regular  sinus  rhythm,  left  axis  deviation  and  left  bundle 

I  II  III  aVK  aVL  aVF 

V,  V2  Vj  VI,  Ws  V6 

^/'^l^  -j^>A-j^  J<aJ^  JU-A 

di:i.i;  ij:    I  ■   I   ^LXf-^iJ.  |.-j-.f.i.4-f-  ^-K-^-t-t 


Fk;.  1.  M.  I,.,  I"..  57  vrai>.  Arlcriosrlcrotic  li.-art  discaM.  willi  ,  iv  aiiuiiia  i-.Tioris.  Elec- 
trocariliuirraiii  and  \-. uivai'dK .lii  aiii  dix-lo.-c  | .a 1 1 crii-.  i,i  Id'l  IhiikIIi;  l.i  aiK^li  lih.ck.  Arrows 
indicate  dncction  ul  (^HS  >K  Utn\<<.  Xdic  ihai  ilir  dnniiDii  i,i  Tsl'l  [nu\><  caiiiiDl  he  dis- 
cerned at  amplification  X  5  or  a  10  witli  tune  signal^:  insenlietl  at  2,5  millisecond  intervals 
(=  four  timing  signals  per  0.01  second).  F  =  frontal,  S  =  sagittal  and  H  =  horizontal  plane 
projections. 

branch  block.  The  QR8  complexes  were  slurred,  notched  and  widened  to  0.12 
sec;  the  T  waves  were  dijihasic  in  leads  1,  V,-,  and  V,-,  and  inverted  in  AVL  (Fig. 
1).  Routine  vect()rcar(liou;rams  taken  by  the  cube  system  at  X  10  and  X  5 
magnification  with  time  signals  recorded  every  2.5  milliseconds  showed  the 
pattern  of  left  bundle  branch  block.  There  was  noted  posterior  orientation  of 
the  QRS  sE  loop  associated  with  clockwise  rotation  in  the  horizontal  plane, 
middle  and  late  slowing  of  the  QRS  sE  loop  and  a  discordant  TsE  loop.  Even 
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larger  magnification  (x  2i  failed  to  reveal  the  direction  of  inscription  of  the 
TsE  looii  because  the  timing  signals  were  i)artially  superimposed  (Fig.  2.  Col- 
unm  1 1 .  However,  when  the  timing  signal  was  slowed  to  once  every  10  milli- 
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Fig.  2.  VertorfanlioKram.*  on  .«ame  patient  a.s  figure  1;  amplification  i.-^  /  2  in  l)oil, 
column.*  I  and  II.  Column  I — with  2.5  milllwcondH  timing:  the  dinction  of  the  QR.S  loo| 
is  seen  dearly;  the  T  loop  direction  is  not  discernible.  Column  II — with  U)  millisecono 
liming,  direction  of  both  the  QRS  and  T  loops  is  easily  discerned  (see  arrow.s  for  T  looi 
direction). 


seconds  (Fig.  2,  Column  2l.  the  direction  of  inscription  became  readily  appar- 
ent (.s€'e  arrows).  In  thi.s  ca.«e,  the  direction  of  the  T  loop  rotation  is  op|)osit( 
to  the  direction  of  QRS  rotation  in  the  horizontal  plane  and  would,  according; 
to  Ximura  (2) ,  sugge-st  primary  T  wave  changes. 


ROTATION  OF  TSE  AND  PSE  LOOPS  IX  VKCTORCARUIOGKAPHV 


599 


DISCUSSION 

The  iinpoitancc  of  analysi.-^  of  \-('ctorcar(liograph  TsE  loops  has  l)een  ompha- 
sizod  R'oently  (1).  Rchitivt'ly  little  had  been  written  about  the  direction  of  ro- 
tation of  the  TsE  loop  because  of  the  diftimlty  of  \isualizati()ii.  One  of  us 
(P.  S.)  found  that  the  direction  of  TsE  loop  lotatiou  and  fre(|ucntly  tlie  di- 
rection of  the  PsE  loop  rotation  could  be  detei-uiined  I'eadily  even  with  ampli- 
fication obtainable  on  the  vector  anii)lifiers  in  clinical  use,  by  uieicly  inci'easing 
the  duration  of  time  between  the  droi)-shai)ed  signals  from  2.5  milliseconds  to 
10  milliseconds.  That  is,  by  recording  only  one  diop  shaped  signal  e\-ery  0.01 
seconds  instead  of  four  signals  every  0.01  seconds,  one  can  separate  the  signals 
in  the  TsE  and  PsE  loops  well  enough  to  visualize  the  shape  of  the  signal  and 
therefore  easily  determine  the  direction  of  inscription.  Oidy  one  or  two  clear 
signals  showing  the  front,  blunt  end  is  needed  to  show  direction.  This  tech- 
nique gives  results  which  may  l)e  interpreteil  with  ease,  and  no  additional 
laboratory  equipment  is  requiretl. 

Review  of  the  literature  reveals  that  Whii)i)le  (3),  in  1952,  when  describing 
the  interrupted  droji-shaped  time  signal  pi'esently  used  in  most  vectorcardio- 
graphic  recording  devices,  had  suggested  for  the  study  of  PsE  and  TsE  loops 
a  time  .-ignal  fi-e(iuently  sloin  r  than  the  usual  one  signal  every  2.5  milliseconds. 
.\pparently.  however,  this  technique  has  been  neglected. 

Other  methods  for  determining  the  direction  of  PsE  and  TsE  loop  rotation 
have  been  utilized  in  the  ])ast.  High  speed  motion  pictures  of  the  face  of  the 
oscilloscope  (4 1,  high  speed  magnetic  tape  recordings  (5),  and  computers  (6) 
can  gi^•e  this  information,  but  these  instruments  are  expensive  and  are  not 
readily  available.  Automatic  brightness  circuits  (7),  selective  unblanking  in- 
struments (8l  and  ordinary  magnification  of  the  loops  are  of  some  benefit,  but 
these  methods  still  may  not  enable  one  to  separate  the  time  signal  well  enough 
to  determine  the  direction  of  rotation  of  the  PsE  and  TsE  loops.  As  magnifica- 
tion is  increased  above  X  2,  the  loops  become  unsteady  on  the  face  of  the  oscil- 
loscope and  therefore  are  difficult  to  photograph. 

The  technique  of  slowing  the  time  signal  frequency  can  be  utilized  on  stand- 
ard vectorcardiogi-aphic  eciuipment  commonly  available  in  clinical  laboratories. 
Although  the  direction  of  inscription  of  the  TsE  loop  in  general  can  be  in- 
ferred from  the  fact  that  the  initial  portion  of  the  TsE  loop  normally  is  in- 
scrilied  at  a  slower  rate  than  the  terminal  portion,  the  technique  of  slowing 
the  time  signal  enables  one  to  visualize  the  direction  of  inscription  accurately. 

We  are  at  present  utilizing  this  technique  in  all  cases,  in  a  comparative  study 
of  both  normal  and  abnormal  Frank  and  cube  vectorcardiograms.  This  will  en- 
able us  to  determine  the  diagnostic  value  of  the  direction  of  inscription  of  the 
TsE  loops  in  routine  analysis  of  vectorcardiograms. 

SUMMARY 

The  importance  of  careful  analysis  of  the  TsE  and  PsE  loops  in  clinical 
vectorcardiography  is  currently  being  emphasized.  By  increasing  the  duration 
of  time  between  drop-shaped  signals  on  a  standard  vector  amplifier  from  the 
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usual  2..")  uiillist'comls  to  10  niillisccoiuls,  one  can  separate  tlie  time  signals  in 
the  TsE  loop  and  frequently  the  PsK  loop  sutiiciently  to  visualize  clearly  the 
shape  of  the  time  signal.  At  the  usual  2.")  milliseconds  timing  between  signals, 
it  may  he  impossible  to  determine  direction  of  these  loops.  Therefore,  by  slow- 
ing the  time  signal,  one  may  readily  determine  the  dii'ection  of  rotation  of  the 
TsE  and  often  the  PsE  loops. 

Studies  of  tlie  rotation  of  the  PsE  and  TsE  loo])s  of  vectorcardiograms  taken 
with  both  the  Frank  and  cube  methods  are  bi'ing  completed  and  the  diagnostic 
imjiortance  of  analysis  of  these  loops  in  routine  clinical  vectorcardiography 
will  l)e  evaluated. 
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Tlie  number  of  cancer  chemotherapeutic  agents  are  increasing,  but  their 
efficacy  leaves  much  to  be  desired.  Recently  Alkeran,  a  phenylalanine  mustard 
derivative  (P- (Bi's- l2-cliii)rcthyl  i  aniiiu) )  phenyl  l -L-alaninc  has  been  the  .sub- 
ject of  several  encouraging  iKip('r>  on  tlic  treatment  of  niuhipU'  niycloma.  A 
number  of  successfully  treated  cases  Ivdvv  been  i-cportcd  (1,  2i.  Thi'  presence 
of  lai'ge  numl)ers  of  immature  plasma  cells  in  organs  undergoing  rejection  has 
been  well  documented  and  theii'  ini])ortaiu'e  in  the  rejection  process  has  been 
demonstrated  by  Kountz.  et  nl  1 3 1.  It  was  hoped  that  a  drug  capable  of  causing 
remission  in  a  plasma  cell  proliferative  disease  might  be  ca])able  of  inducing 
enhancement  of  a  homotransi)lanted  organ. 

The  pi'esent  study  has  been  designed  to  e\'aluate  tlie  inmmno-uppi-essive 
capacity  of  Alkeran.  The  drug  has  been  u-ed  alone,  in  combination  with  aiUi- 
metabolites  and  together  with  antinu'tabolites  and  steroids  at  the  time  of  re- 
jection crisis. 

METHOD 

The  study  includes  twenty-eight  female  dogs  weighing  17  to  2.i  kilograms.  In 
a  one  stage  procedure,  a  bilateral  nejihrectoniy  and  splenectomy  was  perfoi'med. 
and  a  kidney  from  an  unix'lated  donor  was  transplante(l  to  the  pelvis.  The  left 
donor  kidney,  irrigated  with  liepaiin  solution  (0.2  mg  mil,  was  placed  in  the 
right  pelvis.  The  i)eriod  of  ischemia  ranged  from  lo  to  40  minutes. 

A)  Nine  dogs  received  Alkeran  alone:  they  wiTe  pietreateii  for  one  to 
twenty  days  ]irior  to  siu'gery  and  received  an  average  daily  dose  of  0.0.5  to  0.1 
nig  kg. 

Bl  Eight  dogs  received  in  addition  to  Alkeran  either  Azathioprine  or  6- 
Mercajnopurine.  They  were  ]M-etreated  for  one  day  with  both  drugs.  The  aver- 
age daily  dose  range  of  antimetabolite  was  2.5  to  4.0  mg/kg.  The  a'S'erage 
daily  dose  of  Alkeran  ranged  from  0.08  to  0.1  mg  kg. 

C»  A  third  group  of  eleven  dogs  received  Alkeran  in  doses  ranging  from 
0.03  to  0.05  mg  kg.  and  either  6-Merca])topurine  or  Azathioprine  in  doses 
ranging  from  2.5  to  5.0  mg  kg.  At  the  time  of  threatened  i-ejection.  cortisone  or 
prednisone  was  begtm.  The  criteria  used  to  determine  whether  rejection  was 
underway,  were  elevation  of  BUN.  decreaM'd  mine  output,  or  i)hy>ical  detei-io- 
ration  of  the  animal  without  api)arent  caust'.  liiweekly  blood  urea  nitrogen, 
hematocrit,  white  blood  cells,  platelet  coimts  and  urine  output  were  done  on  the 

From  the  Department  of  Sursery.  Tlie  Mount  Sinai  Hosiiital.  Xi  w  Yf)ik,  X.  Y. 
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animals.  At  time  of  rejection,  blood  urea  nitrogen  was  measured  more  fre- 
quently. 

RESULTS 

A I  In  Group  1  (Table  Ii  4  of  the  9  dogs  died  prior  to  transjjlantation.  All 
four  animals  died  of  fulminating  infections  such  as  bilateral  pneumonitis.  At 
time  of  demise,  the  white  blood  cell  count  was  severely  depressed.  The  longest 


TABLE  I 


Number 

Dog  No. 

Days 
Pretreated 

Average 
Dose  .Alkeran 
mg/kg 

Toxicity 

Cause  of 
Death 

Survival  in  Days 

1 

4920 

18 

0.075 

none 

uremia 

8 

2 

4955 

12 

0.075 

none 

5 

3 

4919 

17 

0.075 

marked 

demise  prior  to  siurgpr\- 

4 

4956 

17 

0.075 

5 

4893 

20 

0.075 

6 

4892 

20 

0.075 

7 

4736 

1 

0.05 

none 

uremia 

renal  vein  thrombosis 

8 

4727 

1 

0.05 

2 

9 

4751 

1 

0.1 

7 

TABLE  II 


Number 

Dog  No. 

Days 
Pretreated 

Average 

Dose 
Alkeran 

Average 
Dose 
6-M.P. 

.Average 

Dose 
Imuran 

Toxicity 

Cause  of  Death 

Survival 
in  days 

1 

4839 

1 

0.075 

... 

marked 

uremia 

7 

2 

4838 

1 

0.1 

2.5 

none 

twisted  renal 
artery 

3 

3 

4813 

1 

0.075 

2.5 

none 

uremia 

10 

4 

4822 

1 

0.05 

none 

uremia 

18 

5 

5205 

1 

0.03 

3.5 

none 

ureteral  obstruc- 
tion 

4 

6 

5195 

1 

0.03 

3.5 

none 

uremia 

7 

5271 

1 

0.03 

4.0 

none 

bowel  obstruction 

9 

8 

5064 

1 

0.04 

4.0 

none 

sacrificed 

survivor  of  those  animals  having  renal  transplant  was  eleven  days.  Four  dogs 
j-howing  .severe  rejection  on  pathological  examination  at  the  time  of  death  had 
markedly  elcvatefl  blood  urea  nitrogen.  The  last  dog  in  this  groui)  died  one  day 
after  operation  with  thrombosis  of  the  renal  vein. 

B)  In  the  second  group  of  animals  receiving  Alkeran  plus  Azathioi)rine 
(Imuran  I  or  6-Mercaptoi)urine  the  longest  time  of  .survival  was  18  days  (Ta- 
ble II J.  All  eight  dogs  in  this  group  died  in  uremia  with  marked  reje<'ti()n  of 
the  transplanted  kidney. 

C)  In  the  group  receiving  Alkeran,  Inmran  or  6-Mercaptopurine  and  ster- 
oids at  the  time  of  rejection,  ten  of  the  eleven  dogs  died  from  rejection  of  the 


ALKKRAX  AS  AX   IMMl  XOSri'PRESSIVK  AGEXT 


(i()3 


homograft  (Tal)le  III).  The  longest  survivor  in  tliis  grouj)  was  twcnty-ono 
days.  Tlio  ek'vcnth  animal  in  this  group  (5087)  died  on  the  tjfty-first  following 
transj^lantation  with  a  normal  blood  urea  nitrogen  (Fig.  1).  The  cause  of  death 
in  this  animal  was  intestinal  obstruction  due  to  a  volvulus  of  the  small  bowel 
and  presumably  unrelated  to  the  kidney  transplantation.  A  biopsy  of  the  kid- 
ney 21  days  following  transplantation  showed  intimal  i)roliferation  and  a 
marked  round  cell  infiltrate  (Fig.  2).  A  l)io])sy  of  the  transplanted  kidney  two 
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Xumber 

Dog  Xo. 

Days 
Pre- 
treated 

Average 
Dose 

mg/kg 

Average 

Dose 
6-M.P. 
mg/lLg 

Average 
Dose  Im- 
uran 

Average 
Dose  Pred- 
nisone 

To.xicity 

Cause  of  Death 

Sur- 
days 

1 

5087 

1 

0.03 

2.5 

3 

none 

volvulus 

51 

2 

5091 

1 

0.03 

4.0 

3 

none 

sacrificed 
marked  rej . 

7 

3 

51(59 

1 

0.04 

5.0 

2 

moderate 

uremia 

10 

4 

5075 

5 

0.03 

2.5 

4 

none 

uremia 

16 

5 

5134 

5 

0.03 

2.5 

3 

none 

uremia 

11 

6 

5351 

0.03 

2.5 

2 

none 

volvulus 
BUN  24 

11 

7 

5192 

5 

0.03 

5.0 

2 

none 

uremia 

14 

8 

5612 

3 

0.05 

5.0 

2 

none 

uremia 

12 

9 

5611 

0.05 

5.0 

2 

marked 

toxicitv 

15 

10 

4452 

4 

0.04 

4.0 

2 

none 

sacrificed 
uremia 

22 

11 

4407 

9 

0.04 

3.0 

2 

none 

sacrificed 
uremia 

16 

days  prior  to  the  animal's  death,  i.e.,  on  the  forty-ninth  day  after  transplanta- 
tion, revealed  a  marked  improvement  in  the  transplanted  kidney  as  evidenced 
by  decrease  in  the  cellular  infiltrate  and  a  decrease  in  intimal  thickening  (Fig. 
3).  This  dog,  in  the  fifty-one  days  following  transplantation,  had  three  rejec- 
tion crises,  all  easily  controlled  with  steroids  and  with  increase  of  the  antime- 
tabolite dosage. 

DISCUSSIOX 

Alkeran,  a  drug  responsible  for  a  greater  degree  of  remissions  and  sympto- 
matic improvement  in  multiple  myeloma  than  previously  tried  drugs,  appeared 
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Cortisone  mg/Kg 

■  MM 

F" 

AlKeran  mg/kg 

G  M  P.    mg  /  kg 

WBC^   

- 

Urine  Vol. 
V 

0    4     8     12    16    20  24  28  32  36  40  44  48  52 


DAYS 

Fig.  1.  Course  and  drug  dosage — 51  day  survivor. 


Fig.  2.  I'li<,ton.i'  ic,<;i 


il  lioinutiiaft  23  days  following  trans))lanl. 
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to  offer  no  incivase  in  survival  of  a  transi)lantr(l  kidney.  The  (losa<i('  usi'd, 
much  less  i)roi)ortionately  than  that  administered  to  man^  still  resulte(l  in 
toxicity.  The  establishment  of  a  i)roi)er  dosage  in  each  animal  was  dillicidt  and 
in  no  way  correlated  with  length  of  graft  survival.  Dog  oOST.  which  li\-ed  for 
fifty-one  days  following  transi)lant,  iiad  three  easily  coiit lolled  rejcctiim  ci'iscs. 
However,  investigators  using  Imuran  and  steroids  wilhout  the  adiliiion  of 
Alkeran  have  been  able  to  reverse  rejection  eriso.  Zuk()\\>ki  wa>  alilc  to 
obtain  a  long  term  survivor  in  two  animals,  one  receiving  only  steroids  (.")!  the 
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-renal  honio<;rafr  4!)  ila>-5  lul 


other  only  methylmercaptopurine  (6).  Pierce  and  Varco  obtained  a  long  term 
survivor  using  6-Merca|)topurine  i4l  alone. 

The  studies  referi-ed  to  above  describe  at  least  one  long-term  survivor  for  51 
days.  Such  a  single  long-term  survivor  like  otliei's  that  liave  been  reported 
probably  represents  a  chance  ])airing  of  antigenically  similai'  dogs  rather  than 
unusually  effective  innnunosuppression. 


Renal  transplantation  was  performed  in  twenty-eight  dogs  divided  into  three 
groups.  Group  I  receiving  Alkeran  alone;  Group  II  received  Alkeran  plus  an 
antimetabolite;  and  Group  III  received  Alkeran,  antimetabolites  and  steroids 
at  time  of  rejection  crises.  Of  the  28  dogs,  one  died  at  the  end  of  fifty-one  days 
with  a  normal  blood  urea  nitrogen,  secondary  to  intestinal  obstruction.  The 
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remaining  dogs  died  in  uremia  by  the  t\venty-:?econd  day  following  transplan- 
tation. Therefore.  Alkeran  appears  to  have  little  or  no  value  in  preventing 
homograft  rejection. 
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CLAUDE  BLOC'H,  M.D.,  and  HARVEY  M.  PECK.  M.D. 
CASE  NO.  251 

This  iK'whorn  male  was  the  i)ro(lu('t  of  a  iioi-mal  prciiiiancy  and  (l('li\-c'ry.  At 
birth,  tho  following  ahnofnialitics  wci'c  noted  on  physical  examination.  The 
patient  had  a  cataract  in  the  i-i;j;lit  eye  and  an  undocendeil  ri<2:lit  testis.  I'^xanii- 
nation  of  the  lower  cxtrenuties  i-evt-aled  anterior  dislocations  of  both  knees. 
Both  ankles  were  noted  to  have  nnusual  flaxity  and  could  l)e  easily  dislocated 
manually.  There  was  also  a  cavo-varus  (kd'ornnty  of  both  feet. 

The  family  hi.story  was  [lertinent.  in  that  the  patient  has  a  three  yeai'  old 
sister  who  was  born  with  bilaterally  dislocated  knt'cs.  bihitei'al  (•()n;j:enital  dis- 
location of  the  lh]>  and  a  cleft  palate. 

Radiologic  exannnation  of  the  lower  extremities  with  special  attention  to  the 
knees  revealed  bilateral  sul)luxations  of  the  knee  joints.  The  tibiae  wei'e  noted 
to  be  anteriorly  and  lati'rally  dis])laced  in  ri'latit)n  to  the  h'luoi-a  I  Figs.  lA,  IB  I. 
There  were  no  abnormalities  of  the  hi])s. 

After  a  preliminary  trial  of  traction,  the  ])atient  underwent  an  open  reduc- 
tion of  the  bilateral  dislocation  of  the  knees.  The  patient  made  an  uneventful 
recovei-y. 

Discrssio.x 

Bilateral  congenital  dislocation  of  the  knees  is  a  rare  condition,  usually  noted 
immediately  at  birth,  and  with  a  strong  family  history  of  similai-  defoi'mities. 
The  exact  genetic  features  have  not  been  elucidated.  Asst)ciate([  congenital 
anomalies  are  freciui'utly  note(l.  A  case  re])ort  is  available  where  a  woman  with 
untreated  congenital  dislocation  of  the  knees  had  three  children  l)y  thi'ee  diff(>r- 
ent  husbands.  Two  had  congenital  dislocation  of  the  knee,  and  a  third  child  had 
congenital  dislocation  of  the  knees  and  bilateral  club  foot  and  ck'ft  palatt'  and 
abnormal  toes.  Of  12  patients  described  by  Xeebauei'  and  King  ill.  two  had 
family  histories  with  similar  deformities.  The  condition  is  usually  bilateral,  but 
may  affect  only  one  knee.  At  operation,  it  is  nott'cl  that  in  the  majority  of  cases 
there  is  a  subluxation  rather  than  a  dislocation  of  the  knees  with  an  anterior 
displacement  of  the  tibia  in  relation  to  the  femur  with  hyperexteiision  of  the 
knee.  As  opposed  to  congenital  dislocation  of  the  hij).  where  the  pi'imary  ab- 
normality is  probably  within  the  act'tabular  cavity,  in  dislocation  of  the  knees 
the  cartilages  of  the  articulating  surfaces  of  the  knee  ajjpear  .intact.  The 
tendinous  insertions  of  the  (juadriceps  are  usually  fibi'otic  with  marked  foi'c- 
shortening.  The  treatment  of  choice  is  oj)en  ii'duction  with  ])lastic  repaii-  of  the 
quadricep  tendon.  On  occasion,  simjile  traction  is  sufficient  to  correct  the  de- 
formity. 

Case  Report:  Bil.\ter.\l  coxgexit.\l  dislocwtiox  of  the  knees. 

From  the  Department  of  Hadiolosy.  The  Mount  Sinai  Hosiiital.  Now  York.  X.  Y. 
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Case  251,  Fig.  lA.  Excjmination  of  the  lower  extremities  with  special  attention  to  the 
knees  reveals  bilateral  subluxations  of  the  knee  joints.  The  tibiae  are  noted  to  be 
laterally  displaced  in  relation  to  the  femora.  The  hip  joints  appear  to  be  normal  with 
the  capital  femoral  epiphyses  in  normal  relation  to  the  acetabulae. 

Case  251,  Fig.  IB.  In  the  lateral  projection,  there  is  noted  to  be  anterior  displacement 
of  the  tibiae  in  relation  to  the  distal  femora. 

Case  251,  Fig.  IC.  Examination  in  the  frogleg  projection  again  reveals  the  subluxation 
previously  described  with  anterior  slipping  of  the  tibiae  over  the  femora  bilaterally. 
As  noted,  the  leg  can  be  extended  craniolly  with  the  femora  abducted.  The  hip  joints 
are  again  noted  to  be  normal. 

i 


KADIOLOdlCAI.  XOTKS 


609 


ac'K.\()\vleik;mi:nt 

The  editors  wish  to  thank  Dr.  Robert  Siffert  for  permission  to  publish  this 
case. 
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CASE  NO.  252 

This  8  month  old  female  was  admitted  beeau.se  of  a  non-tender  mass  in  the 
left  parietal  portion  of  the  scalp.  The  i^atient,  who  had  been  the  product  of  a 
normal  {)regnaney  and  delivery,  had  l)een  entirely  well  except  foi  the  per- 
sistence of  a  swelling  in  the  scalp  since  birth.  At  l)irth,  two  such  masses  were 
noted,  one  in  the  occijiital  portion  in  the  midline,  round  and  3  cms  in  diameter, 
which  was  noted  to  be  firm  and  innnoI)ile.  This  mass  o;'':^dually  disappeared 
within  two  months.  The  other  was  in  the  left  parietal  region  and  has  not 
changed  in  size  or  shape  since  birth. 

On  examination,  the  only  abnormality  was  limited  to  the  scalp.  There  was  a 
firm  mass  attached  to  the  left  jiosterior  parietal  region  just  above  the  parietal 
bossa.  This  measured  8  cms  in  diameter  and  was  noted  to  be  raised  4  cms 
above  the  surface  of  the  .skull.  At  its  dome,  tlu'fe  was  a  fluctuant  area.  The 
skin  over  the  mass  was  normal.  The  mass  in  the  left  parietal  l)one  was  noted 
to  be  soft  and  fluctuant  at  birth  but  became  quite  firm  at  the  age  of  two  months. 

X-rays  of  the  skull  revealed  a  smooth,  rounded  mass  in  the  left  posterior 
parietal  region,  meastu'ing  8  x  5  cms  in  diameter.  A  thin  rim  of  bone  extending 
from  the  outer  table  of  the  jiarietal  bone  covered  the  entire  mass  in  a  shell-like 
fashion.  This  was  noted  in  l)oth  the  frontal  and  lateral  projections  (Figs.  lA 
and  B).  The  remainder  of  the  bones  of  the  skull  appear  entirely  normal.  The 
sutures  were  normal. 

At  operation,  the  base  of  the  mass  was  noted  to  be  confluent  with  the  outer 
table  of  the  skull,  so  that  there  was  no  clear  line  of  demarcation  from  normal 
outer  table  and  mass.  A  thick  membrane  was  noted  to  line  the  entii'e  mass 
which  contained  murky  yellow-green  material  and  a  few  amorphous  masses, 
undoubtedly  representing  old  blood  clots.  The  lining  meiiibraiie  stripjx'd  easily 
from  tlie  outer  table  and  was  removed.  The  bony  co^•ering  of  the  mass  was  re- 
moved by  rongeurs  flush  to  the  parietal  bone.  The  patient  made  an  unewntful 
reco^■ery. 

DISCUSSION 

Cephalhematoma  in  the  newborn  is  connnon,  with  an  incidence  of  a])]n-oxi- 
mately  1.5  per  cent.  It  represents  an  encapsulated  extra\-asation  of  bI(!od  be- 
tween the  peri-cranium  and  the  external  surface  of  one  of  the  bones  of  the 
calvarium,  frequently  in  the  ])arietal  region.  The  usual  cause  i>  trauma  of  the 
fetal  head  during  labor.  Fine  linear  fractures  of  the  underlying  bone  can  be 
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Case  252,  Fig.  lA.  Postero-anterior  view  of  the  skull  reveals  a  5  x  8  cm  rounded  mass 
over  the  left  parietal  bone.  A  thin  shell-like  calcification  is  noted  covering  the  dome  of 
the  mass.  A  sharply  delineated  area  of  increased  density  is  noted  along  the  rim  of  the 
mass  and  at  the  junction  of  the  shell  with  the  parietal  bone.  This  represents  the  cortex 
of  the  bone  seen  on  end  and  does  not  truly  represent  a  sclerotic  area  of  bone. 
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I'ouml  in  al)out  three  ix'i-ccm  of  ciiscs.  X-ray  findinjis  in  the  fiist  two  weeks 
show  a  swelling  of  the  soft  tissues  of  tlie  >cal|)  without  ealoifi^cation.  Near  the 
end  of  the  second  or  third  week.  lK)iie  h(  >iiu>  to  form  inuler  the  elevated  peri- 
cranium, first  at  tlu>  mart^in  of  tlie  cephalliematoma  hut  soon  over  the  (Mitire 


Case  252,  Fig.  IB.  Similar  findings  ore  noted  in  the  lateral  projection.  The  lesion  is 
noted  to  occupy  the  posterior  portion  of  the  parietal  bone. 

dome,  forming  a  shell  of  hone.  As  in  the  case  presented,  the  juiu'tion, of  the  rim 
of  bone  with  the  undei-lying  parietal  hone  causes  a  thin  rim  of  increased  den- 
sity on  the  x-rays  in  both  frontal  and  lateral  ])rojections.  This  mci'ely  i-epre- 
sents  the  bony  cortex  seen  on  end  and  does  not  rejiresent  a  sclerotic  area  ot 
bone.  Usually,  the  cephalhematomas  are  absorbed  by  the  end  of  two  weeks  and 
rarely  persist  more  than  three  months.  When  they  do  i)ersist  for  years,  the 
space  between  the  outer  table  and  the  shell  of  bone  becomes  filled  with  diploic 
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honv.  In  the  diffm-ntial  diagnosis,  lynipiiangiouias  and  liemangionias  can 
present  similar  localizetl  bony  thickening.  They  are  usually  not  present  at  birth 
and  there  is  evidence  of  progressive  growth  with  advancing  age.  Also,  epi- 
dermoidonias  and  eosinophilic  granulomas  must  be  differentiated  from  cephal- 
hematomas. 

Case  Report:  Calcified  cephalhem.\toma  in  a  .^evex  month  old  child. 
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CASE  NO.  253 

This  1 1  month  old  child  was  admitted  with  an  irreducible  mass  in  the  an- 
terior abdomen.  The  i^atient  had  been  known  to  have  an  asymptomatic  um- 
bilical hernia  since  birth.  On  the  morning  of  admission,  the  mother  noted  that 
there  was  an  irreducible  mass  within  the  ventral  hernia.  The  patient  was  also 
noted  to  be  febrile  and  irrital)le  with  normal  bowel  movements  and  no  vomit- 
ing. 

Positive  findings  on  pliysical  examination  were  limited  to  the  al)domen  where 
a  2  X  2  cm  irreducible  tender  mass  was  noted  under  the  umbilicus.  Bowel 
sounds  were  active.  Minimal  tenderness  was  noted  in  the  lower  quadrants. 

Laboratory  examination  revealed  a  mild  leukocytosis  with  a  normal  differ- 
ential. X-rays  of  the  hernia  in  the  lateral  projection  failed  to  reveal  the  pres- 
ence of  any  gas-filled  loops  of  bowel  within  the  sac  (Fig.  lA ) . 

Because  of  the  clinical  diagnosis  of  an  incarcerated  umbilical  hernia,  the 
patient  was  explored  on  the  night  of  admission  at  which  time  an  umbilical 
herniorrhaphj'  was  performed.  Xo  intestinal  content  was  noted  within  the 
hernia.  The  patient  tolerated  the  procedure  well.  The  day  after  the  operation, 
the  patient  was  noted  to  have  fever  and  an  increase  in  leukocytosis  with  a  white 
count  of  45,000  cells  and  a  shift  to  the  left.  During  the  next  two  days,  the  course 
was  that  of  high  fever  up  to  104°  in  spite  of  antibiotic  therapy.  Careful  ex- 
amination revealed  right  lower  quadrant  tenderness,  and  a  flat  plate  of  the 
abdomen  taken  at  that  time  revealed  a  faint,  rounded,  calcified  density  above 
the  right  iliac  crest  which  was  interpreted  to  represent  an  appendicolith  (Fig. 
IB).  Because  of  the  x-ray  and  clinical  findings,  the  patient  was  explored,  and 

Case  253,  Fig.  1A.  Lateral  decubitus  radiograph  of  the  umbilical  mass  reveals  no 
air-containing  bowel  within  the  umbilical  hernia  (arrow). 

Case  253,  Fig.  IB.  Antero-posterior  examination  of  the  abdomen  reveals  no  abnor- 
mal air-containing  bowel  loops.  There  are  no  soft  tissue  masses.  Within  the  right  lower 
quadrani,  just  above  the  iliac  crest,  there  is  a  faint  rounded  calcific  deposit  (arrow) 
which  represents  a  coprolith. 


Fig.  1A-B. 
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an  appendiceal  absces^^  with  pingrenous  appendicitis  was  found.  Appendectomy 
and  incision  and  drainage  were  performed.  The  jiatient  had  an  uneventful  post- 
operative course. 

DISCUSSION 

This  case  is  unusual  in  that  the  patient  had  two  separate  diseases;  one.  an 
incarceration  of  an  umbilical  hernia  which  is  relatively  infrequent  and  the  sec- 
ond, an  acute  ajipendicitis  with  peri-appendiceal  abscess.  The  latter  diagnosis 
was  not  made  at  the  time  of  admission  and  was  only  appreciated  after  the 
herniorrhaphy,  when  there  was  evidence  of  an  infective  focus  within  the  abdo- 
men in  the  jjost-operative  jieriod.  The  x-ray  of  the  abdomen  taken  at  that 
time,  which  showed  a  coprolith  in  the  right  lower  quadrant  substantiated  the 
diagnosis  of  acute  appendicitis  with  abscess.  In  a  recent  review  of  fecalith  of 
the  api)endix.  Dr.  Fagcnburg  stresses  the  fact  that  when  an  appendiceal  copro- 
lith is  found  in  a  child  with  abdominal  symptoms,  the  diagnosis  of  acute  ap- 
pendicitis with  abscess  formation  is  almost  a  certainty  (1).  Appendicoliths  oc- 
cur in  approximately  12  to  15  i^er  cent  of  cases  with  ajipendicitis  with  abscess 
and  are  of  enormous  help  in  the  differential  diagnosis  of  acute  abdomen  in 
children. 

Case  Report:  Appendicolith  with  acute  appendicitis  and  .\b.scess  and  in- 

C.\RCER.\TED  UMBILICAL  HERNIA. 
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Fagenburg,  D.:  Fecalith.*  of  tho  Appendix.  Am.  J.  Kocntficnol.  Kad.  Therapy  and  Xucl. 
Med.,  89:  752,  1962. 
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Functional  and  Organic  Mental  Disorders  in  the  Elderly 

M.  RALPH  KAUFMAN,  M.D. 
New  York,  N.  Y. 

"Functional  and  Organic  Mental  Disorders  in  the  Elderly"  is  an  area  in  the 
field  of  psychiatry  in  which  I  developed  an  interest  many  years  ago,  when  it 
had  less  personal  application  than  it  now  has.  In  the  early  1930's,  my  interest 
was  aroused  inasmuch  as  I  wanted  to  test  out  the  then  accepted  point  of  view 
that  the  psychoanalytic  approach  was  inapplicable  to  the  treatment  of  psy- 
choses and  of  the  aged  patient.  Since  I  had  been  Clinical  Director  of  INlel.ean 
Hospital  in  Waverly,  Massachusetts,  I  had  the  opportunity  of  working  jisycho- 
analytically  with  patients  in  both  categories.  It  hai)i)ened  that  two  of  my  jia- 
tients  were  both  psychotic  and  in  a  category  which  I  then  considered  asied.  one 
being  a  woman  of  56,  the  other  a  man  of  60,  both  with  depressions  1 1 ) .  Fortu- 
nately, both  of  these  patients  responded  rather  well  to  this  therapeutic  ap- 
proach. 

In  1939,  I  participated  in  a  Symjiosium  before  the  American  Orthopsychi- 
atric  Association  on  "Old  A<2;e  and  Aging"  in  which  I  presented  the  psycho- 
analytic point  of  view,  and  it  was  emphasized  at  this  conference  that  the 
aging  person  presented  clinical  i)ictures  in  all  categories,  "^^'itll  advancing  age 
certain  pathological  factors  enter  into  the  picture:  namely,  actual  organic 
injury  in  the  central  nci  vous  system,  particularly  the  brain;  and  here  we  have 
clinical  pictures  which  are  characteristic  and  well  demarcated  as  syndromes" 
(2).  "Even  though  the  organic  defect  as  such  is  definitely  based  on  destruction 
of  the  central  nervous  tissue  and  is  characteristic  to  varying  degrees  of  all 
diseases  of  the  brain,  whether  arteriosclerosis  or  brain  tumor,  the  content  of 
the  forgetting  may  have  a  definite  individual  psychological  significance"  (3). 
It  was  emphasized  during  these  discussions  that  the  emotional  rigidity  which 
one  saw'  in  elderly  persons  might  very  well  serve  as  a  defense  mechanism  and 
that  it  was  reversible  and,  therefore,  amenable  to  treatment.  These  obscr\-ations 
are  presented  for  the  record  to  indicate  that  some  of  the  problems  that  we  now 
justifiably  emphasize  with  this  age  group  have  been  a  matter  of  concern  for 
sometime.  This  was  recognized  by  Hippocrates  several  thousands  of  years  ago 
in  his  "Airs,  Waters,  Places"  (4)  where  he  makes  the  statement:  "old  men  have 
catarrhs  because  of  their  flabbiness  and  the  wasting  of  their  veins,  so  that  some 
die  suddenly,  while  others  become  paralyzed  on  the  right  side  or  the  left," 
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615 


616 


M.  RALPH  KAUFMAN 


and  in  "Epidemics''  (5)  he  says,  "older  people,  and  those  who^e  natural  heat 
is  failing,  have  paralysis  or  raving  or  blindness." 

With  the  actual  and  potential  increases  involved,  including  the  recognition 
of  the  social,  economic,  medical  and  psychiatric  features  of  these  problems,  a 
rather  curious  attitude  seems  to  have  developed  among  many  workers  in  the 
field.  There  is  a  tremendous  desire  to  do  something  and  this  has  led  to  increased 
refinement  of  diagnostic  methods,  the  re-evaluation  of  therapeutic  techniques, 
and  to  a  certain  extent  a  minimization  of  therapeutic  nihilism.  On  the  other 
hand  unfortunately,  there  is  a  kind  of  demand  for  action  on  behalf  of  the  elderly 
which  tends  to  minimize  the  fact  that  aging,  either  physiological  or  patho- 
logical, is  a  fact  of  life  and  that  certain  processes  by  and  large  do  take  place  and 
lead  to  certain  consequences.  If  this  is  so,  the  older  person  is  not  the  younger 
person.  AVhether  the  sequence  follows  the  seven  ages  of  man  in  every  individual 
or  not,  it  is  nevertheless  true,  that  there  is  a  sequence  and  the  effects  of  agin<r 
must  be  taken  into  account  if  we  are  to  look  at  the  problem  as  i)hysicians  should 
from  a  sympathetic  medical  point  of  view. 

An  interesting  research  program  was  carried  out  at  the  National  Institute  of 
Mental  Health.  Its  results  were  published  in  "Human  Aging"  (6),  edited  l)y 
James  E.  Birren.  An  attempt  was  made  to  obtain  a  group  of  indivitluals  65  yeai  s 
and  older,  who  were  to  be  optimally  well,  living  outside  of  institutions,  and  who 
were  to  be  studied  theoretically  from  both  ])hysiologiral  and  psychological,  as 
well  as  sociological  and  economical  p()iiit>  of  \  i(  \v.  The  tioal  was  to  find  a  group 
of  some  50  such  individuals  who  wert'  Irce  of  ilhie.-s  of  any  kind.  This  proved  to 
be  a  relatively  impossible  task  and  it  eventually  had  to  be  divided  into  Group  A, 
the  ojitimal  health  group  consi-sting  of  27,  and  Group  B  of  20  with  mild  a.sympto- 
matic  diseases.  In  the  optimal  health  group  there  were  such  findings  as  healed 
chronic  retinitis,  osteoarthritis  of  the  spine,  right  bundle-branch  block,  decreased 
hearing  acuity,  mild,  diffuse  EEG  abnormality,  diverticulosis  of  the  esophagus, 
mild  pulmonary  emphysema,  and  so  forth.  In  the  second  group,  one  found 
auricular  flutter  with  enlarged  heart,  bronchiectasis,  labile  hypertension,  angina 
pectoris  (normal  EKG),  diabetes  mellitus,  mild,  (controlled  by  diet  alone  I, 
rheumatoid  arthritis,  to  name  a  few. 

Since  certain  studies  have  indicated  that  tlie  i)sychological  syndiome  in  this 
age  group  seems  to  relate  to,  and  be  weiglited  by  other  forms  of  somatic  illness, 
this  becomes  of  significance  in  the  evaluation  and  understanding  of  the  patients. 
In  ''Human  Aging"  in  the  chaj^ter  on  "Psychiatric  Aspects  of  Adaptation  to  the 
Aging  Experience"  (7)  it  is  pointed  out  that  28%  had  psychoneuroses  and  62% 
presented  diagnosable  functional  ]).><ychopathology,  including  personality  dis- 
orders. There  were  mild  reactive  dejjressions  in  19%  and  in  23%  there  was  diag- 
nosable psychopathology  including  depression,  even  though  the  existent  psycho- 
patholog>'  was  not  associated  with  serious  impairments  since  none  of  these 
subjects  sought  treatment,  nor  was  treatment  indicated.  Nevertheless,  ]).sychi- 
atric  problems  existed. 

Karl  Bowman  (8l  in  his  discussion  on  "Types  and  S|)ccial  Factors  of  .\l('iital 
Illness  in  Old  .Age."  in  19.37.  indicated  that  "in  jjiopoi'tion  to  the  iiunii)cr  of 
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people  1 60  and  over)  there  is  more  mental  disease.  \\(\  therefore,  say  that 
mental  disease  is  in  one  sense  a  disease  of  old  age.  There  is  ai\. increased  fatiga- 
bility, even  thotigh  many  can  continue  to  adjust  to  life  in  a  normal  fashion, 
memory  does  become  impaired.  The  individual  is  less  stable  emotionally."  He 
also  emphasized  certain  symptoms  which,  if  they  occur  in  this  age  group,  most 
likely  indicate  organic  brain  diseas(\  Ai'tcn-iosclerosis  is  essentially  a  disorder 
of  old  age  and.  of  course,  so  )>  i  he  so-called  senile  i)sychosis.  He  eniU'd  his  ailicle 
on  a  rather  pessimistic  note  by  saying,  "there  is,  of  course,  no  specific  treatment 
for  the  changes  of  old  age.  The  machinery  is  worn  out  and  we  cannot  su])ply 
new  parts." 

There  are  certain  economic,  sociological  and  psychological  factors  that  begin 
to  play  a  definite  role  in  the  individual  who  is  in  the  jirocess  of  growing  old.  In 
the  female,  the  menopause  period  has  a  significant  role  to  play  in  addition  to  the 
endocrinological  aspect.  Biologically  it  signifies  the  end  of  the  childbearing 
period.  Psychologically  there  is  evidence  that  this  is  a  time  when  tluM'e  is  a 
recrudesence  of  earlier  conflict  situations,  with  at  times  an  attcinjit  at  lesolu- 
tion. 

Retirement,  which  in  our  i)resent  culture  begins  to  take  place  somewhere  be- 
tween the  ages  of  60  and  65,  l)rings  its  own  problems.  There  is  a  change  in  status 
at  all  levels  and  relatively  few  peoi)le  can  really  gain  the  necessary  satisfaction 
of  their  needs  through  h()l)l)ies  and  other  forms  of  recreational  activity.  There 
frequently  is  a  waning  of  ])hysical  capabilities  at  all  levels.  There  occurs  a 
series  of  objective  losses  with  accompanying  grief  and  bereavement.  This  is  the 
time  when  the  obituary  column  is  turned  to  first  in  the  daily  newspaper,  or  in 
reverse  is  deliberately  never  read.  Friends,  relatives,  colleagues  begin  to  pass 
away  and  with  each  such  passing  one's  own  dissolution  approaches.  It  may  be- 
come increasingly  difficult  to  form  new  attachments,  new  friends  and  to  cathect 
new  objects.  These  are  but  .some  of  the  psychological  factors  that  begin  to  jilay  a 
role. 

I  believe  that  the  great  change  in  attitude  toward  these  patients  has  occurred 
and,  indeed,  the  .Jewish  Home  and  Hospital  for  the  Aged  where  this  discussion 
is  taking  ])lace,  deserves  a  great  deal  of  credit  for  this  more  optimistic  and 
realistic  jioint  of  view.  I  I'efer  ])articularly  to  the  work  of  Goldfarb,  Sheps  and 
their  colleagues  under  the  leadership  of  Doctor  Frederic  Zeman.  The  work  of 
this  group  is  outstanding  in  this  area.  It  has  already  been  stated  that  a  wide 
spectrum  of  psychiatric  syndromes  may  be  present  in  the  aging  group.  Many 
of  these  patients  have  a  history  of  either  continuous  or  ejusodic  jisychoneurotic 
difficulties.  In  the  area  of  psychosis,  late  life  depressions  are  common  with  or 
without  a  previous  history.  However,  the  vast  majority  of  patients,  65  and  over, 
who  have  been  admitted  to  our  Psychiatric  Service  at  The  Mount  Sinai  Hospital, 
suffer  from  either  acute  or  chronic  organic  mental  syndromes.  These  sometimes 
represent  diagnostic  problems  of  a  complex  nature  and  attention  has  been  drawn 
by  many  authors  to  the  need  for  a  sophisticated  diagnostic  procedure.  Sencer,  for 
instance,  in  a  recent  paper  on  "Problems  in  Diagnosis  of  Intracranial  Disease 
Among  the  Aged,"  concludes  that  "it  is  difficult  to  determine  the  etiology  of 
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cciel)ral  diseas^e  of  the  aged  on  the  basis  of  mode  of  onset,  cHnical  course,  and 
basic  hiboratoiy  procedures,  inckiding  phiin  x-rays,  electroenceplialography 
and  lumbar  puncture.  Complete  neurological  investigation,  including  pneumo- 
encephalography and  or  angiography,  is  feasible  in  the  aged.  Potential  mor- 
bidity must  be  weighed  against  the  value  of  information  to  be  obtained.  Each 
case  should  be  decided  individually.  Elderly  patients  who  develop  relatively 
rapid  alterations  in  mental  functioning  are  highly  suspect  of  having  gross 
stmctural  changes  due  to  neoplasm — either  primary  or  secondary,  subdural 
hematoma,  infection,  toxic-metabolic  disturbances,  as  well  as  intrinsic  vascular 
disease"'  (9 1. 

Friedman  and  Bressler  (10 1  in  a  number  of  papers,  reporting  their  experi- 
ences in  a  general  hospital's  geriatric  outpatient  clinic,  emphasized  the  presence 
of  definite  organic  conditions  of  chronic  type  involving  even*-  system  of  the  body. 
Of  139  patients,  12  suflfered  from  chronic  brain  syndrome  associated  with  cerebral 
arteriosclerosis  with  depressive  features.  It  is  of  interest  that  the  largest  number 
of  patients,  67.  were  diagnosed  with  psychoneurosis,  depressive  reaction  with 
other  types  of  depression  placing  a  prominent  role  (11 1. 

Suicide  is  a  problem.  Gardner  ( 12 j  and  his  group  have  an  interesting  comment 
in  this  connection  which  says  that  the  rate  of  attempted  suicide  is  relatively 
low  in  the  older  age  group  as  comjjared  to  the  younger  age  group.  But  if  an  at- 
tempt has  occurred,  it  portends  successful  suicide,  usually  within  the  first  year 
after  the  attempt.  This  they  take  as  an  indication  that  the  attempt  occurs  after 
an  acute  illness  or  a  distress. 

Each  one  of  us  usually  presents  a  problem  in  terms  of  his  own  experience  and, 
since  ours  is  an  experience  connected  primarily  with  the  psychiatr\'  department 
in  a  general  hospital,  the  following  ])re.sentations  have  been  selected  to  illustrate 
the  types  of  problems  we  are  confronted  with,  the  ajiproach  to  them,  and  our 
therapeutic  program. 

A.B.,  a  63  year  old  widowed  lady,  was  admitted  to  the  hospital.  She  had  been 
living  alone  following  a  stroke  which  left  her  with  a  left-sided  hemiparesi>. 
some  six  months  later.  Her  husband  had  died  of  myocardial  infarction  some  two 
years  before.  The  jiatient  had  .sold  her  house  and  moved  into  an  apartment.  Six 
months  before  admission,  she  had  come  upon  her  daughter  in  a  rather  compromis- 
ing position  with  a  boyfriend,  and  almo.st  inunediately  developed  the  left-sided 
C.V.A.  She  was  treated  in  a  hospital  and  returned  home  after  a  month.  She 
blamed  her  illness  on  her  daughter,  with  whom  she  had  not  been  getting  alonti. 
The  relationship  was  so  ])oor  that  finally  the  daughter  moved  out.  She  beg;in 
making  demands  on  her  two  older  married  children.  When  the.se  were  not  met. 
she  wrote  a  suicide  note,  and  took  an  overdose  of  sleeping  medication,  after 
calling  her  eldest  daughter.  An  attempt  was  made  to  manage  the  j^atient  at  home 
but  she  developed  pneumonia  and  was  admitted  to  a  hospital  where  a  trache  - 
otomy was  reciuirefl.  On  recovery  from  the  pneumonia,  she  was  transferred  to  a 
state  hospital.  She  was  signed  out,  against  advice  by  a  p.sychiatrist,  to  return 
home  with  private  duty  nurses  around  the  clock,  while  awaiting  admission  to 
The  Mount  Sinai  Hospital.  There  was  no  previous  history  of  p.sychiatric  diffi- 
culty. Past  history  indicated  she  was  born  abroad,  had  relatively  little  educa- 
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tion,  and  had  managed  to  work  herself  up  to  tlie  iiinnagenient  of  a  business  of 
a  iirofcssional  nature.  There  she  met  her  luisljand,  whom  sheshad  hired  as  an 
employee.  The  relationshij)  to  her  husband  and  three  children  always  ])resented 
difficulties.  She  had  very  few  friends  and  spent  most  of  her  time  working.  Some 
fourteen  years  previously,  on  account  of  menorrhagia,  she  had  received  radium 
treatment  to  her  uterus. 

On  admission,  she  was  neatly  dressed.  She  cried  a  great  deal,  wi'inging  her 
hands  and  jiounding  her  fist.  She  had  an  obvious  hemiparesis  involving  her  left 
arm  and  left  leg  and  was  in  a  wheelchair  from  which  she  could  get  in  and  out  of 
only  with  assistance.  There  was  no  obvious  speech  difficulty.  The  jiatient  was 
greatly  depressed,  with  weight  loss,  anorexia  and  difficulty  in  sloejiing.  She 
denied  any  j^roblems  and  insistetl  in  a  loud  voice  that  she  was  happy  and  had 
no  "angry  feelings"  toward  her  family  and  that  she  had  had  a  wondci  ful  life. 
She  denied  any  suicidal  attempt,  and  refused  to  discuss  the  suicide  note  stating 
that  she  did  not  remember  any  such  thing.  She  denied  that  she  was  suicidal  or 
depressed  in  any  way.  Not  only  did  she  have  no  insight  into  her  i^roblem,  but 
denied  there  was  any  problem. 

Physical  examination  jiresented  neurological  signs  of  left-sided  hemiparesis. 
Her  blood  pressure  was  160  90.  There  was  weakness  and  atrophy  of  the  muscles 
of  the  left  arm  and  the  patient  had  a  slight  wrist  drop  and  a  moderate  contracture 
of  the  left  elbow.  There  was  atrophy  and  weakness  of  the  muscles  of  the  left 
foot.  The  left  plantar  i  rsponse  was  upgoing.  There  was  no  evidence  of  a  facial 
paralysis  and  no  clinical  evidence  of  aphasia.  The  patient  had  a  large  decubitus 
ulcer  about  3  inches  in  diameter  and  V/2  inches  in  depth  with  bone  protruding 
at  the  medial  portion  of  the  right  buttock.  There  w^re  no  other  positive  physical 
findings. 

Course  in  Hospital:  Her  physical  problems  were  managed  in  such  a  way  that 
she  received  daily  treatment  for  her  decubitus  ulcer  plus  daily  physical  and  re- 
habilitation therapy.  Her  depression  was  treated  with  psychotherapy  plus  Elavil 
80  mg/day  plus  Stelazine  8  mg/day.  During  the  discussion  with  her  therapist, 
she  was  able  to  face  the  realities  of  her  difficult  situation.  Physically,  she  im- 
proved and  was  able  to  carry  on  hei-  activities  including  her  daily  shower.  She 
was  finally  dischaigcd  nearly  four  months  after  hospitalization  on  Elavil  and 
Stelazine,  and  sent  to  a  hotel  until  the  family  found  an  ajiartment  for  her.  She 
was  to  continue  her  iihysiothcrapy  and  ai-rangements  were  made  for  visiting 
nurse  service.  In  addition,  she  was  to  be  followed  in  our  After-Care  Clinic. 

This  i)atient  presented  a  rather  complicate(l  problem  and  her  improvement 
could  be  related  to  a  number  of  factors,  one  of  which  was  cei  tainly  icnioval  fi  om 
her  apartment  to  a  hospital,  where  a  rounded  out  i)rt)graiii  rehitinti;  to  all  aspects 
of  her  illness  was  carried  out,  whereas  the  psychotlierapy  reniainecl  at  a  sujier- 
ficial  level,  nevertheless,  it  enabled  her  to  objectify  some  of  her  problems.  The 
effects  of  Elavil  and  Stelazine  on  this  patient  undoubtedly  ])layed  an  important 
role  in  relation  to  the  attitude  of  her  children  toward  her  which  also  seemed  sig- 
nificant. Discharge  diagnosis:  1.  Psychiatric  leaction.  2.  Decui)itus  Imttock. 
3.  Left  hemiparesis. 

Another  case  was  that  of  CD.,  male,  age  70,  divorced  pharmaci.><t.  The  patient 


620 


M.  R.\LPH  IvAUFM.\N 


was  ailinittcd  to  the  ho:?pual  upon  tlie  advice  of  a  friend,  because  of  increasing 
worry,  depression,  and  feelings  of  boredom,  loneliness  and  he  found  it  more  and 
more  difficult  to  concentrate  and  to  deal  with  i)('upl('  and  began  to  spend  more 
and  more  time  by  himself.  He  noted  increasing  difficulty  in  getting  to  sleep  and 
would  take  long  walks  by  himself.  His  appetite  decreased  and  he  became  uneasy 
and  irritable.  He  felt  the  future  looked  bleak,  that  his  financial  situation  was 
perilous  and  although  he  had  no  suicidal  ideas  the  future  looked  hopeless.  The 
patient  consulted  a  number  of  jjhysicians  who  could  find  nothing  wrong  with 
him.  After  two  days  at  another  hospital,  he  came  to  The  Mount  Sinai  Hospital. 
In  this  patient,  precijiitating  factors  seemed  to  be  the  death  of  his  younger 
brother  two  years  previously  and  invalidism  of  his  older  brother  with  heart  dis- 
ease. In  1963  his  son  had  married  against  the  father's  wishes.  The  jiatient  also 
had  financial  difficulties  due  to  the  falling  off  of  his  income. 
His  jihysical  and  laboratory  findings  were  negative. 

Course  in  Hospital:  Initially  the  patient  rcgix'ssed  (•oii>i(lci  ;il)ly.  He  expressed 
paranoid  ideas  about  his  food  and  insisted  that  his  t i:ni.-t\  r  to  a  >tatc  liosi)ital 
was  imminent.  He  became  confused  staying  l)y  himself  and  required  aid  with 
his  shaving,  etc.  He  was  seen  almost  daily  in  ])sychotherapy  in  addition  to  being 
placed  on  400  mg  Thorazine  o.d.,  100  mg  Elavil,  o.d.,  and  Artane,  2  mg  o.d. 
Under  this  regimen  his  depression  lifted,  paranoia  disappeared  and  sensorium 
cleared  remarkably.  His  judgment  imi)roved  so  he  could  make  certain  necessary 
decisions  on  his  own.  When  his  son  came  to  visit  him.  the  patient  felt  inotccted 
and  '"that  someone  cares."  The  patient  was  discharged  aj^parently  comi)letcly 
recovered  and  made  arrangements  for  continuing  i)sychiatric  care.  Until  that 
time  he  is  being  followed  in  our  After-Care  Clinic  and  continued  on  drug  therapy. 

Final  diagnosis:  Psychotic  depression  reaction.  During  the  course  of  his 
hospital  stay,  he  presented  evidence  of  an  acute  organic  mental  .syndrome. 

E.F.,  age  85.  was  a  retired  engineer  whose  chief  complaint  was  an  actite  agita- 
tion with  confusion,  paranoid  and  suicidal  ideation  of  two  days'  duration. 

History  of  Present  Hlness:  For  the  previous  several  months  the  patient  was 
unable  to  concentrate  on  reading  and  experienced  episodes  of  disorientation  and 
loss  of  memory  for  recent  events.  He  became  angry  easily  and  threatened  to 
throw  himself  out  of  the  window.  Two  days  before  admission,  the  patient  be- 
came agitated  and  accu.«ed  his  wife  of  "plotting"  against  him  in  order  to  kill 
him.  He  had  difficulty  in  recognizing  his  family  members.  His  agitation  in- 
creased at  night  but  was  somewhat  alleviated  by  Stelazine,  30  mg  in  24  hom-s. 
He  still  had  episodic  periods  of  confusion  during  which  he  made  attempts  to 
jun)p  out  of  the  window.  There  was  no  history  of  any  previous  p.sychiatric 
difficulties.  His  jirofessional  career  had  been  rather  successful.  On  admission, 
he  was  bedridden,  emaciated,  too  weak  to  get  up.  He  appearefl  friendly  and  co- 
operative, in  spite  of  his  suspicions.  He  spoke  slowly  but  spontaneously.  He 
was  generally  coherent  and  relevant,  but  with  episodes  of  irrelevancy.  His 
mood  was  .somewhat  depressed,  btit  affect  was  appropriate.  His  memory  for 
recent  events  was  disturbed  and  became  disoriented  as  to  time  and  jierson.  Theic 
was  no  derealization  or  depersonalization,  no  suicidal  ideation.  His  physical  and 
neurological  examinations  were  essentially  negative.  There  were  a  series  of 
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psychotic  episodes  which  cleared  u])  rather  quickly  with  Stelaziue.  lie  <j;aiiied  in 
strength  but  continued  with  many  physical  conijilaints.  The  patit  p.t  wa>  seen 
daily  for  frequent  brief  i)sychotherai)eutic  interviews  and  was  |)laced  on  Stdazinc 
and  Elavil.  There  was  some  difficulty  in  arranginji;  for  his  final  (liscliar<ie  from 
the  hospital  with  a  question  as  to  whether  he  should  go  to  a  nursing  home.  His 
improvement  at  all  levels  was  excellent.  Several  days  before  discharge,  there 
was  a  transient  right  facial  jiaralysis  which  cleared  u)). 

He  was  discharged  from  the  hos])ital  in  good  physical  and  mental  condition  to 
live  at  home.  This  patient's  improvement  .-^(Hnned  I'ather  reniai'kable.  No  single 
factor  could  seem  to  account  for  it.  The  combination  of  excellent  nui'sing  care, 
continued  relationshij)  to  the  physician  and  the  ward  pei'soimel  in  addition  to 
the  drug  therapy  might  certaiidy  be  related  to  the  impro^•ement. 

The  three  case  histories  are  liriefly  jiresented  to  i Icinonst  I'ate  revei'sibility  and 

j  to  emphasize  that  sucli  ie\-('i-.'>ibility  and  I'etnrn  to  ailciiuate  functioning  i>  not 
only  |)ossible,  but  hajipens.  Undoubtedly  otiiei-  particii)ants  in  this  Institute 
will  present  many  other  of  the  comi)lex  aspects  relating  to  the  problem  of  the 

j  aged  who  are  ill.  In  each  instance,  as  has  been  emi)lKisize(l  in  the  literature  and 
in  clinical  jiractice,  many  factors  Ikuc  to  be  taken  into  account  in  order  to  re- 
verse symptoms  and  to  maintain  an  adaptive  equilibrium  for  the  patient  and 
his  family  which  will  result  in  a  continuation  of  acceptable  functioning. 
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The  Use  of  Seleeted  Phenotliiazines  in  Elderly 
Patients:  A  Review 


.MARVIN  HADER,  M.D. 
Neiv  York,  N.  Y. 

There  have  been  few  specific  studies  on  the  applicability  of  phenothiazines  to 
psychiatrically  ill  elderly  patients.  Lifshitz  and  Kline  listed  about  27  in  the 
English  language  in  a  i)aper  published  in  1963  ( 1 ) .  There  have  also  been  few 
reviews  of  these  studies  or  of  that  work  relating  in  jiart  to  the  older  patient  (2-5) . 
We  do  know,  however,  that  the  geriatric  patient  responds  in  satisfactory  ways 
to  these  major  tranquilizers.  This  review  will  attempt  to  correlate  several  re- 
ports of  the  effectiveness  of  phenothiazines  on  the  elderly  patient.  It  will  also 
point  out  the  particular  vulnerabilities  and  precautions  necessary  when  work- 
ing with  the  older  patient.  The  paj^er  will  be  divided  into  two  parts:  first;  repre- 
sentative studies  of  often  selected  phenothiazines  will  be  reviewed  under 
dimethyl,  piperidine,  and  piperazine  headings,  and  second;  a  discussion  will  fol- 
low which  will  jioint  out  some  general  rules  which  can  i)e  used  for  these  drugs 
when  jjrescribing  to  the  older  patient. 

DIMETHYL  PHEXOTHL\ZINES 

Chlorpromazine 

Pollack  found  behavior  improved  in  79  per  cent  of  200  patients  using  up  to 
200-300  mg  i)er  day  in  patients  who  were  noisy,  aggressive,  and  restless.  Anxiety 
and  hostility  were  dominant.  Fifty-five  per  cent  of  those  with  psychotic  symi> 
toms  improved  significantly  (6).  Wolff  used  doses  of  150-200  mg  per  day  in 
more  than  1,000  agitated,  excited,  and  hostile  geriatric  patients.  He  noted  ef- 
fective results  in  most  within  two  to  three  weeks  with  maximum  effect  after 
three  months.  Side  effects  occurred  in  less  than  two  per  cent  of  the  patients  (7 1 . 

Howell  et  al.  used  chlorpromazine  in  79  patients  with  senile  psychosis,  some 
depression,  and  anxiety.  Forty-three  (52  per  cent)  obtained  significant  benefit 
in  doses  up  to  75  mg  ])er  day  with  side  effects  rare  (8 1.  Lifshitz  and  Kline  re- 
viewed thirteen  .studies  which  emphasized  the  use  of  chlori)romazine  in  the 
treatment  of  disturbed  elderly  and  accumulated  677  patients.  They  noted  that 
about  70  per  cent  had  a  favorable  response  rate.  ]\lost  of  these  patients  had 
brain  .syndromes  with  senile  brain  di.sea.se  or  cerebral  arterio.sclerosis  (7). 

It  hence  appears  that  chlorpromazine  is  a  useful  and  reasonably  safe  dvws 
when  prescribed  to  elderly  patients.  Do.ses  can  go  up  into  the  200-300  mg  ran^i 
without  excessive  risk.  Wolff  feels  it  is  the  phenothiazinc  of  choice.  A  discussion 
of  its  side  effects  will  be  given  in  Part  II. 

From  the  Department  of  P.s^chiatn',  The  In.stitufe  of  P.^vchiatn",  The  Mount 
Hospital,  New  York,  N.  Y. 
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Profnazine 

Kent  and  Gitman  used  promazine  (Sparine)  in  4r)2  jiaticnts  o\cr  a  thrce-aiul- 
a-lialf-year  period  and  found  satisfaetory  imitiox niu  iit  in  88  per  cent.  Diag- 
noses were  varied  with  disordered  behavior  as  tiie  apparent  target  symptom. 
The  doses  given  were  25  mg  one  to  three  times  per  day  with  increments  of  25 
mg  per  day  as  indicated.  The  highest  dosage  used  was  1.0  Gm  i)er  day  for  six 
months  or  more.  Side  effects  occurred  in  four  per  cent  of  the  patients.  Fifteen 
experienced  drowsiness,  one  became  stuporous,  two  had  a  sl<iii  lash,  and  two 
Parkinsonism  which  did  not  abate  wlien  the  medication  was  stopped.  The  com- 
monest diagnosis  was  chronic  brain  synch'ome.  :issociateil  with  cerel)ral  arterio- 
sclerosis. Concomitant  psychotherajn-  seemi'd  to  increase  the  benefit  obtained 
from  tlie  medication  (9l.  In  an  eai-lier  jniper,  they  summarized  their  findings  as 
showing  that  promazine  is  vahial)le  antl  safe  in  controlhng  behavioral  disorders 
of  some  aged  persons  1 10). 

Kozlowski  used  jNIiltown  and  Sparine  in  twenty-six  chronic  brain  syn- 
drome patients  with  psychosis  and  behavioral  prol)lenis  and  found  81  per  cent 
showing  imiirovement.  No  side  effects  occurred  except  two  episodes  of  fainting. 
Blood  pressure  decreased  in  all  patients  10-20  mm  of  mercury.  The  dosage  was 
1.2  Gm  of  meprobamate  and  150  mg  of  Sparine  per  day.  Fom  teen  of  sixteen  pa- 
tients who  were  hallucinating  stopjied  by  the  sixth  day.  It  was  felt  that  the 
use  of  combined  therapy  tended  to  diminish  the  incidence  of  side  effects  (11). 

Promazine  is  a  less  powerful,  minimally  hepatotoxic  drug.  Dose  can  range  up 
to  1  Gm  per  day.  300-500  mg  per  day  would  be  an  average  range  for  excessively 
anxious  elderly  patients. 

PIPERIDYL  PHENOTHIAZINES 

Thioridazine 

Judah  et  al.  in  an  early  study  tested  25  geriatric  patients  with  Mellaril  over 
a  period  of  fifteen  weeks.  Eighty  i)er  cent  of  his  patients  were  schizophrenic.  He 
matched  these  against  fifteen  control  cases.  Doses  ranged  from  75  mg  to  500 
mg  and  later  700  mg  per  day.  It  was  felt  the  medication  increased  socialization. 
There  was  one  case  of  drowsiness  and  three  mild  cases  with  Parkinson-like 
features,  one  of  which  required  Artane  (trihexyphenidyl  HCL ) .  No  other  compli- 
cations occurred  (12).  Krai  used  20  to  200  mg  per  day  in  thirty-seven  aged  psy- 
chotics  in  need  of  tranquilization.  Twenty-six  were  brain  syndrome  patients 
and  eleven  were  functional  psychoses.  Seven  had  depressive  symptoms  and  two 
manic  ones  primarily.  Treatment  averaged  217  days.  No  Parkinson  syndrome, 
akathesia,  or  dyskinesia  was  produced.  The  patients  were  less  sleepy  than  with 
chlori)romazine.  Seventy-five  per  cent  of  the  patients  benefited  so  that  they 
could  either  participate  in  group  activities  or  could  co-operate  with  nursing 
personnel.  Fifty-eight  per  cent  of  the  senile  and  sixty-three  per  cent  of  the 
nonorganic  patients  did  well.  Only  28  per  cent  (four  of  fourteen)  of  the  psy- 
chotics  with  cerebral  arteriosclerosis  did  well.  The  depressed  ones  were  given 
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imipraniine  (Tofranil)  in  addition  to  tliioridazine.  It  was  emphasized  tliat 
hypotension  could  be  avoided  or  alleviated  by  using  a  low  dose  range  and,  there- 
fore, only  moderate  dosages  are  advised  (131.  Jackson  gave  an  average  of  300 
mg  per  day  up  to  as  much  as  900  mg  daily  to  110  geriatric  in-and-out-patients 
suffering  from  psychotic  disorders  jirimarily.  One  hundred  and  two  were  psy- 
chotic and  eight  neurotic.  He  felt  that  thioridazine  alleviated  the  causal  anxiety 
so  that  patients  were  either  improved  or  marketUy  imi)roved  in  ninety-eight 
cases.  He  found  no  serious  case  of  hypotension.  Mild  extrapyramidal  symptoms 
occurred  in  five  patients  and  responded  easily  to  benztropine  methanesulfonate 
( Cogentinj .  Four  patients  developed  a  rash.  He  noted  no  serious  side  effects  ( 14) . 

This  is  a  valuable,  usually  non-Parkinson  producing,  drug  with  satisfactory 
anti-anxiety  and  anti-psychotic  properties.  It  is  often  the  drug  to  switch  to 
in  the  presence  of  continued  anxiety  and  extrapyramidal  phenothiazine  compli- 
cations. 

PIPERAZIXE  PHEXOTHIAZIXES 

Acetophenazine 

Hamilton  and  Bennett  studied  this  relatively  weak  piperazine  in  nineteen 
aged  hyperactive  p.sychotics.  Eight  patients  received  a  placebo  control.  Nine- 
teen of  the  total  had  organic  brain  di-sease  with  psychosis  and  seven  were  schizo- 
phrenics. One  had  a  depressive  reaction  with  psychosis.  Dosage  was  from  40  to 
60  mg  a  day.  Sixty-eight  per  cent  (  thirteen  of  nineteen  I  of  the  patients  who  re- 
ceived Tindal  showed  a  significant  decrease  in  their  hyi)eractive  behavior.  Nine 
of  the  fourteen  with  brain  syndromes  and  psychosis  improved.  Three  of  four 
schizophrenic  patients  improved.  Hyperactive  behavior  began  to  subside  in  two 
to  ten  days.  Giddiness  occurred  in  37  per  cent  in  the  first  week  and  subsided 
spontaneously  in  three  to  four  days.  Five  of  nineteen  (26  per  cent)  developed 
excessive  drowsiness  (15).  Sheppard  et  al.  in  a  controlled  study  selected  fifteen 
chronic  paranoid  schizophrenics,  average  age  seventy-three  years,  and  found  a 
significant  decrease  in  paranoid  symptoms  of  delusions  of  control,  of  reference , 
and  of  persecution  at  a  dosage  level  of  80  mg  daily.  Side  effects  of  dizziness  and 
weakness  appeared  with  daily  doses  over  120  mg  (16).  Witton  and  Hermann 
treated  41  elderly  male  psychotics  in  doses  of  30  to  60  mg  jier  day  with  improve- 
ment in  78  per  cent.  Hypertensive  responses  occurred  in  five  cases  (17). 

This  is  a  valuable  antip.'^ychotic  agent  in  do.ses  of  40  to  60  mg  per  day.  One 
can  prescribe  it  if  hepatic  and  hematopoietic  complications  are  present.  The 
blood  pressure  should  be  watched  for  hypertension. 

TRIFLUOPERAZIXE 

Hamilton  and  Bennett  admini-stered  Stelazine  to  eighteen  apathetic  elderly 
brain  syndrome  patients  and  found  little  improvement  in  management  in  doses 
of  four  to  eight  mg  per  day.  Incontinence,  confusion,  and  lethargy  were  uiiai- 
fected.  Side  effects  were  frequent.  Eleven  of  eighteen  (61  per  cent)  develops  1 
marked  lethargj'.  Forty-four  per  cent  had  drooling  and  difficulty  swallowing 
and  thirty-nine  per  cent  had  generalized  muscular  rigidity.  In  some  lethargic 
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patients  aspiration  occurred.  One  patient  had  an  increased  number  of  seizures. 
No  hematopoietic  or  hepatic  effects  were  noted  (18 1.  Brooks  j\nd  MacDonald 
tried  Stehizine  in  twelve  manic  depressive  or  invokitional  psychotic  i);itients 
who  were  depressed.  Their  average  age  was  68  years.  Tlic  usual  daily  dose  was 
10  mg.  Eight  patients  required  benztropine  methancsulfonate  (Cogentin)  for 
Parkinson-like  symptoms  within  one  to  two  weeks.  All  had  received  it  after 
six  weeks.  r]ven  after  rapid  reduction  to  two  mg  per  day  rigidity  was  not  ade- 
quately relieved.  One  patient  developed  leukopenia.  Eight  of  eleven  had  an  un- 
explained drop  in  serum  cholesterol.  Only  four  cases  impnn  ed  in  these  icsistant 
depressions  (19).  Wolff  used  Stelazine  in  twenty-four  withdrawn  apathetic  brain 
syndrome  or  schizophrenic  i)aticiits  aged  sixty  to  eighty-one  years  in  doses  of 
12  mg  per  day.  Side  effects  occurretl  in  two  with  (howsiness  and  Parkinsonism. 
Only  six  of  the  twenty-four  improved  l7l.  Lesse  used  Stelazine  as  part  of  a 
treatment  i)rogram  for  agitated  dei)ressives  in  middle  and  old  age.  In  doses  of  9 
mg,  sixty-three  per  cent  of  his  patient  census  of  100  improved.  Side  effects 
produced  by  the  medications  used  were  essentially  limited  to  five  patients  with 
stiffness  of  the  limbs  which  impro^■ed  with  Cogentin.  Two  jiatients  had  ortho- 
static hypotension  which  warranted  stopiiing  all  drugs  in  the  program  (20). 
Post  used  up  to  30  mg  per  day  in  seventy  i)atients  over  sixty  with  paranoid 
persecutory  ideation.  A  significant  niunber  improved  after  several  months  of 
treatment  (21). 

Stelazine  is  given  to  elderly  agitated  dcpressives  in  conjunction  with  a  full 
treatment  program.  Doses  up  to  about  10  mg  per  day  are  prescribed.  Higher 
doses  should  be  used  with  caution  in  view  of  the  possibility  of  extrapyramidal 
complications.  There  is  some  evidence  that  it  is  effective  over  the  long  term,  in 
paranoid  conditions. 

Prochlorperazine 

Shubin  and  Sherson  used  compazine  in  treating  fifty  aged  patients  with  anxi- 
ety and  some  organic  illness.  The  anxiety  was  considered  reactive  to  the  organic 
illness.  Approximately  85  per  cent  showed  a  good  response  with  relief  of  anxiety. 
The  dosage  was  20  mg  jier  day.  The  only  side  effects  were  drowsiness  in  nine 
patients  and  an  increase  in  agitation  in  one  patient.  The  subjects  became  neater 
and  cleaner.  The  highest  dose  was  40  mg  per  day  (221.  Sottel  gave  15  to  40  mg 
per  day  to  70  agitated  geriatric  i)atients  with  an  overall  effectiveness  of  77  per 
cent.  Side  effects  were  mild  and  were  relieved  by  lowering  the  dosage.  There 
was  no  liver  or  blood  toxicity.  One  extrapyramidal  reaction  ceased  with  a  low- 
ered dosage.  When  psychosis  is  present,  as  in  twenty-three  of  his  cases,  56.5 
per  cent  can  show  impro\  ement  (23). 

In  doses  up  to  40  mg  jier  day,  prochlorperazine  has  a  useful  place  in  one's 
armamentarium  for  the  treatment  of  agitation  and  psychotic  phenomena  in  the 
aged.  Risk  of  side  effects  in  this  dosage  range  is  apparently  minimal. 

Perphenazine 

Busse  has  used  Trilafon  extensively  in  patients  characterized  by  impulsive- 
ness, aggressiveness,  assaultiveness,  night  wandering,  and  loss  of  sphincter  con- 
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trol.  They  were  schizophrenics,  chronic  brain  syndromes,  involutional  psychotics 
with  paranoid  ideation,  and  i)aranoid  states  with  intensified  aggressiveness.  He 
also  uses  it  in  tension  and  elated  states.  He  has  given  up  to  64  mg  per  day  and  has 
found  it  non-hypotensive  with  the  Parkinsonian  side  effects  easily  controlled  by 
lowering  the  dosage  or  by  using  Artane  or  Cogentin.  He  suggests  not  using  any 
hypnotic  agent  with  Trilafon  since  respiratory  difficulties  might  occur  (5).  Ayd 
used  12  to  24  mg  per  day  in  twenty-five  aged  neurotics,  paranoids,  and  others 
with  satisfactory  results.  There  is  little  lethargi'  and  some  extrapyramidal  symp- 
toms are  easily  relieved  by  Cogentin.  He  feels  the  incidence  of  this  complica- 
tion is  high  in  ambulatory  patients  (24).  Settel  used  12  to  16  mg  in  ambulatory 
and  24  mg  to  48  mg  in  hospitalized  geriatric  patients  with  anxiety  and  agitation. 
Good  or  excellent  results  occurred  in  85  per  cent  with  reversible  Parkinsonism 
present  in  four  out  of  five  cases  in  which  it  occurred  (25). 

This  is  considered  a  valuable  and  relatively  safe  piperazine.  Li\  er  and  blood 
complications  are  low  but  extrapyramidal  symptoms  can  be  expected  to  occur. 
Optimum  dosage  may  be  up  to  24  mg  to  32  mg  per  day. 

DISCU.'^SIOX 

There  are  several  points  which  are  important  to  consider  when  using  pheno- 
thiazines  in  the  elderly,  in  addition  to  the  usual  ]3recautions  and  specific  knowl- 
edge one  has  when  using  these  drugs  with  younger  patients.  As  one  will  see, 
they  are  not  hard  and  fast  rules,  yet  they  can  serve  as  guidelines  for  observation 
and  future  judgment  when  prescribing. 

1.  Hyi)otcnsive  effects  occur  more  often  in  the  older  more  arteriosclerotic  pa- 
tient (26,  271.  The  incidence  is  higher  with  piperidyls  and  dimethyls  than  witli 
piperazines  (28).  The  probable  autonomic  effect  of  some  phenothiazines  may 
cause  a  lowered  blood  pressure.  This  is  well  known  but  should  not  serve  as  a 
deterrent  to  administration  of  needed  medication.  Some  observation,  perhaps 
by  relatives,  especially  after  initial  prescription,  is  wise.  In  addition,  the  admoni- 
tion to  remain  recumbent  for  an  hour  (29j  or  so  after  parenteral  injection,  an 
awareness  of  the  blood  pressure  baseline,  and  an  explanation  of  the  possilih 
hypotensive  effect  to  the  patient  and  relatives,  if  practical,  may  help  in  preven- 
tion and  diminishment  of  anxiety.  This  also  leads  to  the  next  step  of  suggesting 
to  the  patient  that  he  can  prevent  dizziness,  some  weakness,  and  syncope  by 
reclining  when  such  symptoms  seem  about  to  appear.  One  should  not  overempha- 
size this.  The  hypotensive  effect  u.sually  .subsides  after  the  first  week  (30)  and 
should  not  interfere  with  further  prescription.  It  is  usually  not  impoi  tant  in  bed 
patients.  Lowering  the  do.sage  often  lessens  the  hypotension. 

2.  Toxic-confusional  reactions  to  the  phenothiazines  can  occur  with  symptoms 
which  make  differentiation  from  cerebrovascular  epi.sodes  and  other  toxic- 
confusional  reactions  a  problem  (31.  32).  There  is  often  just  an  increased  brain 
syndrome  of  recent  origin  characterized  by  altered  con.sciousness,  poor  percep- 
tion of  .surroundings,  excessive  fear,  and  a  fluctuating  cour.se,  until  the  medica- 
tion is  .stopped.  It  is  best  to  .stop  giving  that  type  of  phenothiazine  and  switch  to 
another  category',  i.e.,  from  a  dimethyl  to  a  i)iperidyl.  The  jiresence  of  brain 
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damage  from  a  previou-s  stroke  may  enhance  this  iiossil)ility.  In  these  eases, 
caution  is  necessary,  with  lower  dosages  needed,  at  least  initialjy.  Observation 
and  a  baseline  neurological  examination  are  imi)ortant.  These  i)atients  should 
have  a  temperature  and  pulse  record  kept  should  increased  confusion  occur. 

3.  There  is  some  evidence  that  ohlcr  patients  may  \\-a\v  a  greater  incidence  of 
extrapyramidal  signs  I pseudo-Parkinsonisni,  akathcsia,  and  dyskinesia)  than 
younger  people  (33i.  They  are  more  prone  to  the  symptoms  in  the  order  given 
with  dyskinesia  least  likely  to  occur.  Most  such  phenomena  occur  in  the  first 
nine  weeks  of  therapy  (2).  Dyskinesias  usiuiUy  picsent  in  the  first  five  days. 
In  some  instances,  Parkinsonism  has  persisted  even  after  discontinuance  of 
the  medication,  usually  a  piperazine  (25,  9),  although  Hollister  (30)  disagrees 
that  the  jihenothiazines  are  at  fault.  Differential  diagnosis  from  "idiopathic" 
Parkinsonism  or  paralysis  agitans  becomes  difficult.  The  cause-effect  relation- 
ship in  these  cases  is  still  in  doubt.  The  treatment  for  such  phenomena  is  usually 
discontinuance  and  switching  to  another  phenothiazine  in  a  different  group,  such 
as  from  a  jiijierazine  to  a  piperidyl  thioridazine.  Should  this  be  impractical, 
lowering  the  dosage  is  valuable,  if  indeed  this  has  not  been  tried  before  deciding 
to  shift. 

The  use  of  barbiturates  for  jjseudo-Parkinsonism  is  not  wise  in  elderly  pa- 
tients. Often  toxic-confusional  states  can  arise  secondary  to  the  barbiturates; 
iatrogenic  illness  is  compounded.  In  doses  indicated:  Akineton  (biperiden)  1-2 
mg  twice  a  day,  Cot^cntin  ( Ijenztropine  methanesulfonate)  1-2  mg  twice  a  day, 
and  Artane  (trihexplienidyl  hydrochloride)  1-2  mg  twice  a  day,  may  be  pre- 
scribed. Disjilacement  of  anxiety  about  prescription  of  phenothiazines  to  these 
agents  should  not  interfere  with  their  usage.  Nevertheless,  caution  should  be 
used  in  cases  with  glaucoma,  piostatic  hypertrophy,  and  cardiac  and  renal  dis- 
ease. They  should  be  prescrilied  at  uu'al  times  (34). 

The  attempted  production  of  an  extrapyramidal  syndrome  as  an  indication 
of,  or  correlate  of,  the  therapeutic  effectiveness  of  the  medication  is  an  attractive 
philosophy  1 35,  36),  but  is  not  yet  proven  (37,  38).  There  are  added  risks  in 
using  it  in  the  elderly  patient;  nevertheless,  one  might  consider  it  as  possibly 
having  value  psychodynamicallv  in  cases  of  schizophrenia  of  late  life  (Roth) 
(39). 

4.  Obstructive  jaundice  is  reported  as  occurring  in  0.5  to  5.0  per  cent  of  cases 
on  chlorpromazine  (6).  Indications  for  routine  alkaline  phosphatase  and  total 
serum  bilirubin  levels  (Van  den  Bergh ) ,  as  well  as  other  hepatotoxicity  studies 
vary  from  author  to  author  (40,  41)  in  studies  based  on  younger  patients.  Some 
say  it's  probably  best  to  have  a  total  serum  bilirubin  done  serially  in  the  first 
sixteen  weeks  of  therapy  for  medicolegal  purposes.  The  jaundice  oftentimes 
occurs  in  the  first  six  weeks  of  therai)y  and  clears  up  in  two  to  four  weeks 
after  cessation  of  the  phenothiazine  medication.  Chlorpromazine  and  the  di- 
methyls are  more  prone  to  cause  it,  the  piperazines  less  so  (30).  For  inter])reta- 
tion  of  laboratory  studies,  a  satisfactory  medical  history  and  physical  examina- 
tion are  necessary.  This  is  especially  so  since  elderly  patients,  including  those 
with  brain  syndromes  and  psychiatric  complications,  often  have  concomitant 
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physical  illness  of  a  signifirant  degree  (42).  Indeed.  Agate  feels  they  go  hand  in 
hand  (43).  It  seems  probable  that  those  patients  with  liver  disorders  have  an 
increased  chance  of  developing  jaundice  (30) . 

5.  Blood  dyscrasias  can  occur  at  any  time  although  most  authors  state  that 
in  younger  patients  it  occurs  in  the  first  four  weeks.  Whether  blood  studies 
should  be  regularly  done  is  a  moot  point.  Some  feel  they  are  not  necessary,  al- 
though others  say  they  are  valuable  in  the  first  eight  or  sixteen  weeks  (44,  45). 
There  are  reports  that  the  prevalence  of  this  side  effect  is  greater  in  older  female 
patients  with  or  without  brain  syndromes.  Indeed.  I'ix  iotra  icpoi  ts  that  with 
chlorpromazine,  middle-aged  women  are  most  susceptible  to  agranulocytosis 
in  the  first  twelve  weeks  of  therapy  with  an  onset  that  is  abrupt  and  with  high 
fatalities.  Two  of  the  cases  were  women  in  their  sixties.  Needless  to  say,  if  a 
blood  dyscrasia  occurs,  one  should  stop  the  medication,  and  often  all  ]iheno- 
thiazines,  and  initiate  proper  precautionary  therapy  with  consultation  as  in- 
dicated. Thrombocytopenia  and  hyjioplastic  anemia  are  rare  possibilities.  These 
types  of  complications  are  less  likely  to  occur  with  piperazines. 

6.  The  initial  drowsiness  seen  when  prescribing  dimethyl  phenothiazines  and 
thioridazine  is  not  mentioned  as  occurring  more  frequently  in  older  jiatients  by 
Pollock  and  Krai.  The  latter  speaks  of  the  absence  of  usual  drowsiness,  although 
this  is  often  present  initially  when  prescribing  thioridazine  to  younger  adult>. 
Ayd  speaks  of  acetophenazine  as  having  sedative  i)roperties.  A  good  rule  of 
thumb  to  follow  is  to  recognize  that  with  chlorpromazine,  the  dimethyls,  and 
thioridazine  drowsiness  is  in  proportion  to  dosage.  Also  the  initial  week  or  so 
of  prescription  may  result  in  drowsiness  which  usually  subsides  after  this  pci  ioil. 
Sometimes  unexpected  deaths  occur  with  excessive  sedation,  and  asphyxia  \\:\- 
been  considered  a  factor  (47,  48).  It  is  often  best  to  alter  the  diet  and  jMoviil. 
some  .supervision  at  mealtimes  in  these  cases.  Increasing  the  amount  of  coilrc 
available  may  be  helpful. 

Chlorpromazine  has  the  potential  of  lowering  the  convulsive  threshold  in 
epileptic  and  brain-damaged  patients.  Focal  slowing  may  occur  on  the  electro- 
encephalogram (49).  In  these  cases  neurological  con.sultation  is  indicated  and 
appropriate  anticonvulsant  medication  started.  This  is  not  a  common  occui-- 
rence.  Skin  complications,  usually  a  sensitivity  to  sunlight,  may  occur  in  those 
individuals  given  the  dimethyls  and  thioridazine.  It  is  rei)orted  by  Goldman 
as  more  common  in  the  elderly  individual  (24).  It  u.sually  occurs  in  the  out- 
doors type  and  may  not  be  bothersome  to  them.  Lowering  the  dosage  often  re- 
lieves the  symptom.  Lif.shitz  and  Kline  feel  that  with  chlorpromazine,  this  i~ 
proportional  to  dosage  (1).  The  rash  may  respond  to  an  antihistamine. 

Autonomic  phenomena  such  as  nasal  stuffiness  and  dryness  of  the  mouth  occur 
in  the  initial  induction  period.  Reas.surance  that  this  will  pass  may  be  indicated. 
Palliative  mea.sures  .such  as  sucking  on  a  lozenge  may  be  suggested  de])ending 
on  the  nature  of  one's  relationship  to  the  patient. 

7.  Many  older  patients  may  be  on  a  Rauwolfia  alkaloid  for  hypertension. 
It  is  often  best  to  review  the  indications  for  re.«erpine  with  the  prescribing  prac- 
titioner. Phenothiazines  are  used  with  caution  in  such  cases  (50) .  Should  de- 
pression occur,  the  phenothiazine  is  lowered  or  stopped.  The  phenothiazines  are 
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not  proscribed  for  a  depressed  mood  and  occasionally  depression  may  arise 
from  its  use  (  7).  Evaluation  of  its  significance  in  comparison  to  the  therapeutic 
effect  of  the  phenothiazine  is  indicated,  and  a  decision  for  continuance  made  on 
that  basis.  Often  it  is  helpful  to  stop  the  medication  to  see  if  the  depression  is 
caused  by  it.  Should  depression  he  jiresent  sui  «i;c  iu"ris,  antidepressant  medication 
may  be  given  concomitantly  with  phenothiazincs  in  selected  cases. 

8.  Dosage  is  often  a  bugaboo  in  the  elderly.  The  rule  is  usually  to  lower  the 
regular  dosage  by  half  and  increase  slowly.  The  fear  is  only  of  such  side  effects  as 
have  been  discussed  above,  i.e.,  hypotension,  toxic-coiifusional  icaction,  ex- 
cessive sedation,  and  perhaps  extrapyramidal  phenouK'na.  Otliei-  complications 
such  as  jaundice  and  blood  dyscrasia  aic  considered  to  be  independent  of  dosage. 
Paradoxical  state,  an  intensifyinii  of  the  symptoms,  is  sometimes  considered 
psychogenic  and  i>  csx  iitially  also  hidependent  of  dose.  Hence,  caution  is  in- 
dicated to  be  sure,  but  there  is  much  lost  in  prescril)ing  homeopathic  doses.  The 
object  is  to  get  a  therapeutic  effect  on  the  target  symj^toms.  It  behooves  the 
physician  to  try  to  obtain  such  a  response  up  to  the  vagaries  of  the  particular 
side  effect  that  occurs  (361  although  the  benefit  derived  from  the  occurrence  of 
the  side  effect  itself  is  open  to  question. 

It  is  best  to  prescribe  a  lower  than  usual  initial  dosage  especially  in  out- 
patients, and,  in  several  days,  increase  at  a  usual  rate  until  the  limits  of  the 
dosage  used  in  the  reported  studies.  This  is  summarized  under  each  of  the 
selected  phenothiazincs  in  Part  One.  When  prescribing  above  these  dosage  levels, 
and  according  to  the  above  mentioned  empirical  and  inferential  philosophy,  it 
is  usually  best  to  press  on  cautiously  and  at  a  slower  rate.  If  the  indications  are 
present  and  no  toxic  reactions  have  occurred,  one  may  give  relatively  high 
dosages:  7.")  mg  of  chlorpromazine  was  given  TID  I.IM.  to  a  psychotic  agitated  76 
year  old  woman  who  had  paranoid  delusional  ideation,  suicidal  thoughts,  and 
who  threatened  to  leave  the  ward.  With  no  response  the  dose  was  increased  in 
50  mg  increments  every  two  days  until  100  mg  QID  was  prescribed.  At  this 
dosage  level,  there  was  diminution  in  psychotic  ideation,  behavior,  and  hostility. 
Strict  nursing  observation  could  be  dispensed  with.  This  type  of  approach  can 
perhaps  be  followed  most  readily  in  treating  hospitalized  patients. 

9.  In  spite  of  the  presence  of  much  psychopathology,  the  target  symptom 
effect  of  the  phenothiazines  should  not  be  lost  sight  of.  These  medications  are 
prescribed  for  their  effect  on  anxiety,  especially  motor  and  autonomic  com- 
ponents. It  seems  apparent  that  anxiety  becomes  an  ideational  concept  if  these 
aspects  are  not  present.  Hypochondriasis,  and  worry  are  diminished  only  to 
the  extent  that  the  presence  of  clusters  of  thoughts  of  self-concern  and  guilt  are 
reacted  to  by  anxiety.  The  ideation  attached  to  anxiety  about  guilt  is  not  affected 
directly. 

The  phenothiazines  are  also  used  for  an  anti-psychotic  effect.  This  can  occur 
in  lower  dosages  and  over  shorter  periods  of  time  in  eldei-ly  jiaticnts  with  brain 
syndromes.  This  is  naturally  quite  valuable  and  helpful.  The  disordered  ideation 
in  acute  brain  .syndrome,  however,  often  remits  in  a  relatively  short  ]ieriod  of 
time  as  the  cause  of  the  illness  is  treated. 

Psychotic  ideation  in  chronic  brain  syndromes  secondary  to  arteriosclerosis 
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or  senile  psycho:<is  may  improve  with  phenothiazines.  ()l)sc>rvation  and  ([uestion- 
ing  about  the  iisychotic  ideation  is  indicated.  Oftentimes  there  is  a  lessened 
verbalization  of  psychotic  material  but  probing  may  show  its  presence.  Confabu- 
lation secondary  to  impaired  intellectual  functioning  should  not  be  considered 
the  same  as  delusional  ideation  and  is  not  affected  except  in  how  a  component 
of  anxiety  may  be  associated  with  it. 

Its  effect  on  rage  itself  is  open  to  speculation;  however,  clinical  experience 
indicates  that  a  hostile  mood  can  be  altered.  There  is  oftentimes  diminution  of 
control  of  mood  in  some  brain  damage  patients;  the  motor  elements  of  the 
fight  aspect  (51),  according  to  Cannon's  theory,  are  altered.  The  motivation  to 
express  rage  is  lessened,  either  biologically  or  through  psychological  factors. 
The  element  of  aggressiveness,  which  is  motivated  by  anxiety,  is  altered,  usually 
in  a  fa^•orable  way. 

Their  influence  on  nocturnal  variations  of  l)ehavior  is  significant  and  usage 
has  shown  that  this  is  helped  quite  favoral)ly  tiy  jihenothiazines.  Chlori)romazine 
is  perhaps  the  equal  of  chloral  hydrate  in  helping  bring  on  sleep.  The  latter 
medication  may  be  given  with  plienotliiazincs.  if  indicated,  in  the  usual  dose 
(0.5-1.0  Gm.H.S.)  (52).  If  the  insomnia  is  excessive,  then  there  is  the  possibility 
a  depression  is  present  which  niiiilit  icciuirc  a  different  treatment  program. 

10.  The  value  of  these  medications  on  intellectual  functioning  is  minimal. 
They  are  not  helpful  in  alleviating  chronic  intellectual  imjiairment.  The  anxiety 
attendant  to  an  acute  brain  syndrome  may  impair  responses  to  the  usual  ques- 
tioning indicating  orientation,  memory,  judgment,  comprehension,  and  fund  of 
information.  To  the  extent  that  this  is  present  there  may  be  an  effect  on  the  type 
of  response  to  the  medication.  It  is  probable,  however,  that  this  would  ordinarily 
resolve  in  the  usual  course  for  survivors  in  acute  states. 

Their  effect  on  confusion,  in  that  this  is  clefined  as  an  alteration  of  conscious- 
ness, usually  fluctuating,  with  attendant  phenomena  indicative  of  lowered  ])er- 
ception,  is  such  that  the  behavioral  and  verbal  aspects  of  such  states  of  lowered 
consciousness  is  affected,  often  for  the  better,  but  the  impairment  itself  is  not. 
Chronic  states  of  apathy,  withdrawal,  and  loss  of  interest  are  not  usually  affected 
in  elderly  brain  damaged  individuals.  The  .so-called  stimulating  effect  of  trifluo- 
perazine is  usually  not  a  value  in  motivating  such  patients.  Of  course,  a  comatose 
or  somnolent  state  is  a  contraindication  to  the  use  of  i)henothiazines  foi-  psy- 
chiatric purposes. 

11.  The  manner  of  administration  is  important  in  these  elderly  peoi)le.  Since 
isolation  is  often  an  important  defense  or  unfortunate  occurrence,  the  interpei  - 
sonal  relatedness  of  these  individuals  oftentimes  dejK'nds  on  the  few  contact  ~ 
they  have.  Their  relationships  with  nurses  and  the  p.'^ychiatrist  are  of  overriding 
importance  in  evaluating,  and  perhaps  influencing  the  effectiveness  of  the  medi- 
cation. The  .sensitivity  of  these  individuals  is  well  known  (53),  and  oftentimes 
psychosis  fluctuates  with  interpersonal  .situations  (54).  This  is  shown  to  be 
especially  .so  in  acute  brain  syndrome  patients  where  anxiety  is  considered  re- 
laterl  to  distorted  interpretation  of  sensory  images.  Proper  medical  care  plus  al- 
teration of  environment  with  proper  lighting,  diminishing  the  amount  of  auditory 
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and  tactile  stimuli  the  patit'iit  has  to  ])cM-c("iv(\  and  the  pi-cscncc  of  family  with 
constancy  of  relationship  anil  interpersonal  contact  is  important  ftnd  useful  lo")) . 
Similarly,  the  manner  of  administration  phxys  a  part  in  such  cases  and  in  others 
in  which  interpersonal  relationships  are  imi)ortant.  Several  authors  deem  this 
(|uite  significant,  reasoning  that  the  anxiety  jiroduced  by  an  inability  to  coiie 
with  the  environment  causes  symptoms  such  as  attemi)ts  to  manage  the  doctor 
and  fellow-iiatients  or  seek  aid  from  personnel  in  their  immediate  surioundings 
(56,  571.  Indeed,  it  could  be  said  that  the  responsiveness  to  tliese  medications 
could  indicate  the  revei-sibility  of  most  symptoms  accoi'ding  to  intei-pei'sonal 
theory.  This  should  be  differt-ntiated  from  placebo  effect  where  oftentimes  the 
sole  usefulness  of  a  medication  is  considered  as  resulting  fiom  essentially  inter- 
personal attitudes  (58).  These  medications  are  therapeutic  in  their  own  right. 

SUMMARY 

It  seems  possible  to  state  that  the  use  of  some  jihenothiazines  in  geriatric 
patients  involves  the  acceptance  of  jirecautions  and  the  knowledge  of  accumu- 
lated data.  This  includes  recognition  that  hypotension  occurs  more  often  than 
in  the  younger  person;  that  agianulocytosis  can  occur;  that  the  presence  of  a 
large  amount  of  physical  illness  can  complicate  the  diagnosis  of  side  effects  such 
as  obstructive  jaundice,  and  toxic-con fusional  symptoms  may  occur  more  often. 
In  addition,  the  dosage  range  neci'ssary  for  effecting  target  symptoms  is  often 
less  than  that  used  for  younger  adults.  There  is  evidence  that  a  Parkinson-like 
syndrome  occurs  more  often  than  akathesia  or  a  dyskinesia,  and  also  more  often 
than  in  younger  ]ico]ile.  Barbiturates  for  such  complications  are  not  indicated. 
Adequate  baseline  physical  examination  and  follow-up  is  important  in  under- 
standing and  treating  any  side  effects  which  might  occur.  In  general,  one  might 
say  that  serious  sequelae  are  rare,  or  at  worst  uncommon,  and  that  in  knowledge- 
able and  thoughtful  hands,  the  plienotliiazines  are  effective  agents  for  the  treat- 
ment of  psychiatrically  ill  elderly  jiatients. 
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The  Coutmiiiiiii  of  Adrenocortical  Disease: 
A  Tliesis  and  Its  Lesson  to  Medicine 

J.  LESTER  GABRILOVE,  M.D. 
New  York,  X.  Y. 

For  a  number  of  years  it  has  been  recognized  that  adrenocortical  insufficiency 
may  be  of  varying  degree  and  that  there  are  probably  all  gradations  from 
normal  adrenocortical  function  to  absolute  insufficiency  (li.  This  has  been 
demonstrated  by  the  responsiveness  of  the  adrenal  cortex  to  stimulation  with 
corticotropin  (ACTH).  This  variation  in  function  has  also  been  shown  to 
exist  in  other  organs  which  can  be  subjected  to  physiologic  testing  or  loading 
(1,  2).  ^lore  recently  in  a  study  of  a  form  of  the  adrenogenital  syndrome  due 
to  11/3-hydroxylase  deficiency  first  manifest  in  the  adult  woman  (3)  the  signif- 
icance of  varying  degrees  of  congenital  cnzymic  failure  present  in  the  adrenal 
has  become  apparent  to  us.  It  has  long  been  recognized  that  in  congenital 
adrenal  hyjierplasia  different  degrees  of  enzymic  block  or  deficiency  may  be 
present  with  regard  to  either  21  or  11^-hydroxylation  or  even  3/3-  or  dehydro- 
genation  but  emphasis  has  not  been  placed  on  the  continuum  of  the  degree  of 
deficiency  which  becomes  apparent  if  the  various  reports  in  the  literature  are 
reviewed.  In  somewhat  analogous  fashion,  it  has  been  recognized  that  in  non- 
adrenocortical  disorders  there  may  exist  a  sjx'ctrum  of  a  disorder.  Thus  this 
continuum  or  spectrum  of  a  disease  aft'oid^  a  cioss  section  of  a  disorder  from 
which  the  time  element  has  been  eliminated.  Tliis  latter  dimension  is  introduced 
by  following  the  course  of  any  given  patient  with  a  progressive  disease  over  a 
period  of  time.  Such  progressive  impairment  is  physiologically  demonstrable 
not  only  in  the  adrenal  that  is  being  destroyed  by  untreated  tuberculosis  but 
also,  among  others,  in  the  kidne}'  of  the  patient  with  increasing  renal  insuffi- 
ciency, in  the  liver  of  subjects  with  advancing  cirrhosis,  and  in  the  heart  sub- 
jected to  relentless  destruction  of  the  myocardium  by  inflammation  or  necro-i- 
and  fibrosis. 

Thus  in  any  given  adrenal  disorder  one  must  consider  the  basic  defect  and 
its  continuum  and  secondly  the  continuum  effect  that  ensues  with  time.  A 
congenital  defect  in  adrenocortical  11^-  or  even  21-hydroxyIation  may  not  be- 
come apparent  till  post-puberal  life.  Whether  the  defect  increases  merely  with 
the  pa.ssage  of  time  or  because  the  physiologic  load  is  increased  with  aging  is 
not  as  yet  clear  but  both  possibilities  must  be  considered.  In  adrenocortical 
11/3-hydroxylation  deficiency  it  .seems  likely  that  the  increased  androgen  pro- 
duction by  the  adrenal  cortex  due  to  the  basic  ll/?-hydroxylation  defect  aug- 
ments secondarily  the  11/3-hydroxylation  deficiency  (3 1. 

The  clinical  picture  of  disease,  then,  is  a  reflection  of  a  sort  of  vector  effect 
of  the  continuum  of  disease  from  progressive  functional  impairment  .superim- 
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posed  on  the  spectriiin  of  the  basic  defect.  As  emphasized  in  axprior  publica- 
tion (1)  it  is  only  with  our  advancing  understanding  of  the  underlying  physio- 
logic processes  that  this  phenomenon  can  be  comprehended. 

"We  now  must  consider  whether  these  observations  are  pertinent  in  adreno- 
cortical hyperfunction.  Since  the  congenital  adrenogenital  syndrome  is  due  to 
the  previously  mentioned  defects,  it  need  not  be  (•on>i(l(  r('(l  further. 

The  variations  seen  in  the  adult  form  of  the  adi-oiiogrintnl  syndrome  are  also 
compatible  with  the  concept  of  a  continuum.  Although  the  evidence  at  present 
is  not  definitive,  it  may  be  that  all  or  many  instances  of  the  so-called  adult 
form  of  the  adrenogential  syndrome  are  really  congenital  in  origin.  In  support 
of  this  suggestion  are  the  previously  mentioned  reports  of  congenital  adreno- 
cortical hyperfunction  first  becoming  apparent  post-pubcrally.  On  the  other 
hand  it  is  also  possible  that  in  the  absence  of  cnzyniic  defects  tlu  le  is  a  con- 
genital facilitation  of  the  pathway  in  the  adrenal  cortex  to  androgen  and  estro- 
gen (4,  5)  which  is  first  clinically  apparent  in  the  adult. 

The  problem  of  Cushing's  syndrome  due  to  non-tumorous  adrenocortical 
hyperfunction  is  more  ditficult  of  resolution.  It  is  aiii:)arcnt  that  we  can  induce 
Cushing's  syndrome  iatrogenically  by  the  administration  of  sufficient  quantities 
of  Cortisol  or  its  analogues  for  an  adequate  length  of  time.  However,  it  is  of  in- 
terest that  in  our  present  state  of  knowledge  it  is  extremely  difficult  if  not  im- 
possible to  pinpoint  the  precise  onset  of  Cushing's  syndrome  under  such  circum- 
stances, due  to  the  absence  of  exact  criteria.  The  utilization  of  one  or  a  group 
of  the  signs  and  symjnoms  seen  in  the  classical  spontaneous  form  of  the  disease 
is  obviously  unsuitaljle  for  this  purpose.  Spontaneous  Cushing's  syndrome  must 
be  viewed  in  this  frame  of  reference.  It  seems  unlikely  that  the  disorder  is  an 
all-or-none  disease.  It,  too,  is  probably  a  continuum  from  normality  to  the 
disease  which  we  now  recognize  in  the  florid  clinical  state.  In  a  study  of  50  pa- 
tients with  Cushing's  syndrome  (6),  we  demonstrated  that  the  incidence  of  the 
various  symptoms  increases  with  the  duration  of  the  disease  and  that  certain 
features  are  observable  only  late  in  the  course  of  the  disorder.  Using  the  prin- 
ciple of  regression,  it  is  apparent  that  the  disease  was  probably  present  before 
we  were  clinically  able  to  recognize  it.  Further  if  the  degree  of  disease  varies 
from  individual  to  individual  it  is  easily  understandable  how  difficult  it  would 
be  to  recognize  the  mildest  forms.  If  we  then  accept  these  concepts  how  can  we 
expect  to  detect  the  mildest  forms  of  the  disorder  by  data  (i.e.,  the  dexametha- 
sone  suppression  and  the  ACTH  response  test)  obtained  only  from  florid  in- 
stances of  the  disease?  It  is  already  apparent  that  not  all  instances  of  florid 
Cushing's  syndrome  hyper-respond  to  the  administration  of  ACTH  and  it  has 
also  become  evident,  as  one  might  have  predicted,  a  priori,  that  the'  suppres- 
sion test  is  not  infallible.  Accordingly,  the  tests  may  fail  us  particularly  in 
those  instances  when  we  are  uncertain  as  to  the  presence  or  absence  of  the  dis- 
ease. At  present  the  most  acceptable  physiological  test  for  Cushing's  syndrome  is 
probably  the  Cortisol  secretion  rate.  It  remains  to  be  resolved  whether  there  is 
a  continuum  of  the  secretion  rate  from  the  normal  to  the  patient  with  florid 
Cushing's  syndrome  and  if  so  what  is  the  dividing  line  from  normal.  The  basic 
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clinical  or  experimental  reflection  of  this  secretion  is  still  unknown,  be  it  an 
eflfect  on  the  connective  tissue  or.  even  more  fundamentally,  on  certain  enzjTne 
systems.  At  present,  the  best  we  can  do  is  to  demonstrate  a  relatively  gross 
eflfect  such  as  the  former.  Further,  if  we  accept  that  one  of  the  chief  features  of 
Cushing's  s>Tidrome  is  the  effect  on  connective  tissue  and  bone,  is  the  phenom- 
enon a  reflection  of  hypersecretion  of  conisol  per  se  or  does  it  actually  reflect 
the  cortisol-anabolic  hormone  ratio?  In  this  regard  it  must  be  remembered  that 
androgens  are  more  potent  anabolic  agents  than  estrogens,  a  possible  explana- 
tion for  the  preponderance  of  the  sjTidrome  is  women.  Nonetheless,  a  concept  of 
a  conisol-anabolic  hormone  ratio  makes  the  problem  even  more  complex  since 
even  other  hoimones  may  be  exerting  eft'ects  on  the  connective  tissue. 

Our  knowledge  of  primary-  aldosteronism  is  based  on  the  clinical  picture  as- 
sociated with  tumor.  Only  more  recently  has  the  question  been  raised  in  regard 
to  the  incidence  of  non-tumorous  primary*  aldosteronism  particularly  in  rela- 
tion to  hypertension.  On  the  basis  of  this  concept  of  adrenocortical  disease  the 
prediction  that  a  continuum  of  this  form  of  adrenoconical  hjperfunction  will 
also  ultimately  be  delineated  does  not  seem  diflBcult  to  accept. 

Evidence  can  readily  be  adduced  for  similar  concepts  in  regard  to  gonadal 
dysgenesis  (Turner's  sjTidrome).  Klinefelter's  s>-ndrome.  congenital  thyroidal 
enzymic  defects,  and  the  testicular  manifestation  of  the  adrenogenital  syn- 
drome (7i. 

Although  these  concepts  if  tme  would  be  of  great  interest  to  the  student  of 
adrenocortical  diseases  as  well  as  of  endocrinology  their  greater  importance 
lies  in  their  application  to  disease  in  general. 
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The  Concepts  of  Agnosia,  Apraxia  and  Aphasia 
After  a  History  of  a  Hundred  Years 


PROFESSOR  EBERHARD  BAY 

Dilssehlorf,  Germany 

The  attempt  to  explain  psychic  phenomena  in  terms  of  the  physiological 
activity  of  the  brain  concentrated,  during  the  last  century,  largely  on  the 
endeavour  to  correlate  psychological  entities  with  the  activity  of  isolated  cere- 
bral structures,  i.e.  to  localize  psychic  syndromes  to  circumscribed  cerebral 
(preferably  cortical)  areas.  In  these  studies,  the  trinity  of  agnosia,  apraxia  and 
aphasia  occupies  a  crucial  position  between  "physiological"  disorders  (such  as, 
hemiplegia  or  sensory  loss)  which  appear  localizable  and  disturbances  of  psy- 
chic phenomena  (such  as,  mood,  thought,  memory,  etc.),  which  offer  great 
difficulties  in  distinct  cerebral  localization. 

While  there  have  been  and  still  are  great  controversies  concerning  the  nature, 
pathogenesis  and  even  the  existence  of  the  syndromes  of  agnosia,  apraxia  and 
aphasia,  there  has  been  scarcely  any  discussion  of  the  close  correlation  or  even 
identity  of  their  respective  patterns.  Some  authors  made  painstaking  efforts 
to  explain  one  of  these  disorders  in  terms  of  the  other,  e.g.,  to  distinguish  ag- 
nostic and  apraxic  traits  in  apliasia,  or  to  create  such  sophisticated  syndromes 
as,  for  instance,  "amnesia  for  color  names,"  which  allow  unending  and  fruitless 
discussion  about  their  belonging  to  agnosia  or  aphasia,  or  both.  Despite  great 
dissent  as  to  the  nature  of  these  disorders,  there  seems  to  be  unanimity  regard- 
ing their  structural  similarity  or,  rather,  isomorphy.  This  seemingly  self-evi- 
dent isomorphy.  however,  is  inconsistent  with  some  trivial  but  essential  facts. 

The  concept  of  agnosia  derives  from  IVIunk's  experimental  work  with  dogs. 
A  dog,  after  a  brain  lesion,  apparently  had  a  visual  disorder  which  Munk — 
correctly  or  not — interpreted  as  ''mind  blindness"  or  visual  agnosia.  Thus,  it  is 
seen  that  the  first  established  case  of  agnosia  was  Munk's  dog  and  not  a  human 
being. 

Aphasia,  on  the  other  hand,  has  different  problems  associated  with  it,  e.g., 
an  American  is  not  able  to  ascertain  whether  a  German  is  aphasic  or  not  un- 
less he  speaks  his  language.  In  other  words,  agnosia,  whatever  it  may  be,  is  a 
morbid  state  affecting  an  inborn  faculty  which  man  has  in  common  with  all 
higher  animals.  Aphasia,  on  the  contrary,  concerns  an  artificial  system  of  com- 
munication which  is  not  only  unique  to  man  but  is  also  specific  for  single  hu- 
man societies  and  must  be  learned  deliberately  by  each  member  of  that  so- 
ciety. So  the  fields  in  which  aphasia  and  agnosia  occur  are  absolutely  different, 
and  this  difference  alone  should  prevent  the  assumption  of  too  close  a  relation 
between  both  states. 

From  the  Xeurological  Clinic,  Medical  Academy,  Diisseldorf,  Germany. 
Presented  as  an  Israel  S.  Wochsler  Lecture  on  December  4,  1964,  at  The  Mount  Sinai 
Hospital,  New  York.  X.  Y. 
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Tho  notion  of  agnosia  depends  upon  the  assumption  of  elementary  sen- 
sory processes  leading  to  elementary  sensations  which  in  second  or  gnostic 
processes  are  combined  into  structured  perceptions.  Sensory  defects  then  would 
concern  the  first  and  agnostic  disturbances  the  second  of  these  two  processes. 
Contrary  of  these  hypothetical  assumptions,  psychological  observation  demon- 
strates that  nothing  like  elementary  sensations  exist  in  our  sensory  experience. 
Rather,  there  are  complex  and  stmctured  perceptions  which  differ  only  in  the 
degree  of  their  complexity  and  differentiation.  What  were  supposed  to  be 
elementary  sensations  are  either  insufficiently  differentiated  perceptions  or 
noetic  (intellectualized)  abstractions  of  complex  and  structured  perceptions. 

In  the  tactile  sphere,  for  instance,  a  simple  touch  is  not  an  elementary  sen- 
sation but  a  percept  meaning:  ''A  solid  object  at  the  tip  of  my  finger  which  I 
cannot  distinguish  exactly."  The  "elementary  sensation"  of  temperature 
means:  "a  warm  object  which  I  cannot  further  differentiate."  In  the  visual 
sphere,  a  light  spot  means:  "A  bright  object  which  I  cannot  clearly  distin- 
guish." On  the  other  hand,  a  color  is  by  no  means  an  elementary  sensation 
but  an  abstraction  of  the  "category  color"  from  a  colored  object,  e.g.,  "red"  from 
a  "red"  target  in  perimetry.  The  sensation  of  temperature  may  also  be  such  a 
noetic  abstraction  derived  from  the  perception  of  "a  test  tube  filled  with 
warm  (or  cold)  water." 

Since  the  identification  of  a  separate  gnostic  act  pie>up])oses  the  existence 
of  elementary  .sensations,  discernible  in  structured  pcr(  0]ition-.  tliere  is  no  justifi- 
cation for  maintaining  the  notion  of  a  gnostic  act  and.  consequently,  the  no- 
tion of  agnosia.  Should  there  exist,  contrary  to  the  evidence  on  hand,  such  a 
special  gnostic  act  it  would  be  implicated  in  every  sen.sory  activity  and  make 
every  sensory  disturbance  agnostic,  whether  it  was  the  more  complex  patterns 
or  the  "simple"  sensory  defects  seen  in  lesions  of  peripheral  nerves  or  ojitic 
pathways. 

Moreover,  thorough  analysis  of  sensory  function  and  performance,  using  ade- 
quate methods,  regularly  demonstrates  the  so-called  elementary  sensory  proc- 
esses to  be  much  moi  e  complicated  than  was  .supposed  by  the  classical  sensory 
physiologj'^  of  the  past  century.  Fascinated  by  the  notion  of  elementary  sensa- 
tions, the  physiological  methods  of  examination  of  the  sense  organs  were  de- 
signed to  give  exact  thresholds  for  such  elementary  sensations.  To  overcome 
the  obvious  difficulty  in  obtaining  exact  and  constant  thresholds,  rigid  stand- 
ard conditions  for  examination  were  introduced.  This  trick  tends  to  conceal  the 
fact  that  these  thresholds  are  not  constants  like  those  of  the  phy.sicist,  but 
rather,  achievements  produced  and  maintained  by  the  activity  of  the  nervous 
sy.stem.  These  thresholds  are  results  of  dynamic  processes  in  which  the  time 
factor  plays  an  essential  role  and  must  be  adequately  considered.  Methods  for 
examining  the  various  sensory  modalities  that  meet  the.se  new  demands  have 
been  developed  by  us  and  by  various  other  groups,  esi)ecially  Teuber  and  his 
associates. 

If  sensory  activity  is  examined  with  adequate  methods  ratlier  than  by  de- 
termming  artificially  cho.sen  thresholds,  a  great  variety  of  sen.sory  dysfunc- 
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tions  including  u  vast  nunibei'  of  complex  i)atterns  of  pcrceptua,l  disorders  is 
found  rather  than  the  simple  loss  of  one  or  another  fictitious  "elementary  sen- 
sation." 

In  the  tactile  field,  it  is  then  easy  to  demonstrate  that  the  rare  cases  of  so- 
called  tactile  agnosia  are  based  on  a  functional  loss  of  sensibility,  generally  of 
cortical  origin,  in  the  same  way  as  any  other  tactile  disorder. 

In  the  case  of  visual  agnosia  there  is  more  difficulty  for  several  reasons. 
For  example,  contrary  to  the  different  tactile  areas  of  the  skin,  the  visual  or- 
gan acts  as  a  whole,  generally  under  the  leadership  of  its  most  efficient  parts. 
The  subdivisions  of  the  visual  organ  (central  and  peripheral)  participate  in 
different  visual  performances  to  a  variable  degree  and  importance.  Therefore, 
before  excluding  a  simple  visual  impairment  as  the  source  of  a  seemingly  agnos- 
tic disorder,  we  need  to  sufficiently  test  the  whole  visual  sensory  field.  This 
is  a  hard  task,  especially  if  we  take  into  account  the  temporal  factor  in  each  of 
these  different  functions. 

We  have  trietl  to  evaluate  the  role  of  the  several  aspects  of  visual  function 
and  the  special  i)attcrns  of  the  sensory  deficit  in  the  many  different  types  of 
visual  agnosia:  object  agnosia,  simultanagnosia,  prosopagnosia,  spatial  agnosias, 
etc.  Reviewing  the  literature  on  this  topic,  one  is  surprised  by  the  striking  dis- 
crepancy between  the  rare  and  badly  examined  case  material  and  the  copious 
and  bold  theoretical  implications  attached  to  such  poor  empirical  data. 

The  sensory  loss  which  we  find  in  such  cases,  however,  does  not  account  for 
the  full  range  of  symptoms  ascribed  to  agnosia.  In  most  cases  in  addition  to 
the  visual  defect  there  is  implied  a  general  mental  factor  of  one  or  another 
type;  e.g.,  intellectual  deficiency.  In  some  instances  the  seemingly  agnostic 
disorder  may  even  be  due  exclusively  to  such  general  mental  factors  without 
a  specific  sensory  loss.  For  instance,  the  traditional  tests  for  so-called  simultan- 
agnosia are  the  well-known  pictures  of  the  Binet-Simon  battery  which  is  an 
intelligence  test.  And,  for  the  same  type  of  visual  agnosia,  Lange,  in  the  Man- 
ual of  Neurology,  quotes  as  most  instructive,  the  case  of  a  patient  of  Head's 
but  unfortunately  that  patient  had  a  semantic  aphasia.  Among  the  patients 
with  difficulties  in  spatial  orientation  (so-called  visuo-spatial  agnosia)  there 
are  some  with  true  visual  defects,  e.g.,  functional  restriction  of  the  peripheral 
visual  fields,  while  in  other  cases  the  spatial  difficulties  are  part  of  a  general 
defect,  e.g.  disorientation  in  the  course  of  a  mental  disturbance. 

These  facts  give  the  impression  that  agnosia,  in  the  original  sense  of  a  dis- 
ordered gnostic  act,  does  not  exist.  Even  in  a  simple  pragmatic  sense  the  con- 
cept agnosia  is  of  no  use  because  it  does  not  imply  a  uniform  pattern  of  dys- 
function. Rather  agnosia  appears  to  us  to  consist  of  an  arbitrary  mixture  of 
most  diverse  sensory  or  even  non-sensory  disorders  grouped  together  because 
of  superficial  similarities.  It  could,  at  best,  denote  a  certain  type  of  clinical 
syndrome  without  implying  cause,  without  explanation  and  of  little  if  any  use 
in  analysis  of  the  subsumed  sensory  deficits. 

Passing  over  to  the  topic  of  aphasia,  we  find  completely  different  facts  and 
problems.  One  of  the  arguments  against  the  existence  of  agnosia  as  a  real 
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pathogenetic  entity  is  the  rare  occurrence  of  pertinent  cases.  Aphasia,  on  the 
contrary,  is  a  rather  common  state  whose  existence  nobody  would  doubt.  The 
diflRculty  here  stems  from  major  and  evident  differences  between  infhvidual 
cases  of  aphasia. 

This  multipHcity  of  aphasic  syndromes  seems  to  argue  against  a  simple  and 
uniform  aphasic  disorder.  The  classical  doctrine  of  aphasia  therefore  tried  to 
overcome  the  diflBculty  by  dividing  these  syndromes  into  different  subgroups 
(e.g.,  motor,  senson.',  etc.)  which  were  derived  from  the  underlying  theory  of 
language  functions.  This  theory  was  constructed  on  purely  hypothetical 
grounds  in  analog^'  to  agnosia  and  apraxia,  with  arbitrarily  chosen  partial 
functions  of  language  corresponding  to  the  respective  morbid  states.  This 
theory  was  abandoned  long  ago  because  of  its  inconsistency  with  the  empirical 
observations.  Yet  the  system  of  classification  has  been  kept,  tacitly  and  unno- 
ticed, in  spite  of  Jackson's  sarcastic  criticism  90  years  ago. 

The  essentials  of  this  system  of  classification  are  still  included  in  the  seem- 
ingly non-committal  distinction  made  by  Weisenburg  and  McBride  between 
expressive  and  receptive  aphasia.  Even  this  vague  concept  still  carries  two  es- 
sential prejudices  of  the  classical  doctrine,  namely,  the  strictly  symmetrical 
derivation  of  speech  from  motor  and  sensory  elements  (analogous  to  apraxia 
and  agnosia)  and  the  tacit  assumption  that  all  the  symptoms  in  these  patients 
belong  to  the  realm  of  aphasia. 

Both  premises — although  far  from  being  established — are  of  great  signifi- 
cance. They  fortify  the  tendency  to  overestimate  the  differences  among  the 
various  types  of  aphasia  (each  type  being  conceived  of  as  a  discriminative 
essential)  and,  consequently,  to  neglect  the  features  common  to  each  of  the 
various  tj-pes  of  aphasia.  Furthermore  by  explaining  every  detail  of  the  clinical 
syndrome  by  peculiarities  of  the  aphasic  pattern,  these  premises  block  the 
search  for  non-aphasic  factors  which  may  also  be  involved. 

Speech,  when  considered  apart  from  any  preconceived  theory,  is  a  most  com- 
plex performance,  which  depends  upon  many  different  factors.  Disturbance  of 
any  of  these  factors  may  disrupt  speech  activity'.  Thus  we  mu.«t  carefully 
eliminate  all  factors  except  linguistic  if  we  want  to  evaluate  aphasia  as  a 
purely  speech  disorder.  Among  the  nonlinguistic  factors  are,  for  instance, 
general  intellectual  capacity,  mental  activity  and  productivity,  hearing,  and, 
last  though  not  least,  the  highly  differentiated  motor  activity  of  articulation 
which  is  indispensable  for  .'speech. 

To  start  with  the  motor  impairment  of  articulation,  we  could  demonstrate  in 
so-called  motor  aphasia — in  full  accordance  with  P.  Marie  and  many  others — 
a  genuine  motor  impairment  of  the  articulatory  muscles  which  we  termed 
cortical  dysarthria.  Cortical  dysarthria  may  occur  combined  with,  yet  is  in- 
dependent of,  a  true  aphasic  disorder.  Since  it  is  a  special  feature  of  spa>ric 
paralysis  involving  the  major  hemisphere,  it  is  regularly  combined  with  right- 
.sided  hemiplegia,  right  facial  weakness  and  transient  disorders  of  deglutition. 
Other  than  the  defect  in  articulation,  there  is  apraxia  of  the  articulatory  mus- 
cles (whatever  the  term  apraxia  may  mean). 
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Cortical  dyt^arthria,  even  when  conibined  with  aiihasia,  must  l)e  clearly 
distinguished  from  aphasia  because  both  states  are  iiathogenetically  entirely 
different  and  vary  independently  of  one  another. 

Dysarthria  accounts  for  several  symptoms  which  were  ascribed  to  particular 
types  of  aphasia.  Because  dysarthric  patients  experience  difficulties  in  the 
articulation  of  words  they  reduce  their  utterances  to  a  minimum  and,  conse- 
(luently,  speak  in  telegram  style.  This  telegram  style  is  not  a  special  agram- 
niatic  disorder  and  hence  is  not  a  linguistic  defect  but  rather,  a  means  to 
minimize  articulation  and  is,  linguistically,  a  surplus  i)cifonnaiic(':  i'oi'  it  is 
evidently  more  difficult  to  condense  an  information  into  a  telegram  iii.stead  of 
conveying  it  by  a  long  letter. 

Changes  of  the  rhythmical  and  musical  qualities  of  speech,  described  by 
Monrad-Krohn  under  the  term  dysprosody,  also  belong  to  dysarthria,  whereas 
in  aphasia,  the  prosodic  qualities  of  speech  are  well  jireserved  and  in  some 
cases  even  afford  the  patient  a  last  means  of  communication  as  for  instance, 
in  severe  jargon  aphasia. 

Cortical  dysarthria  is  the  most  frequent  and  most  important  non-verbal 
factor  in  disordered  speech,  but  there  are  still  others  to  be  considered,  as  for 
example,  in  sonu'  cases  of  aphasia  a  hearing  impairment  must  be  taken  into 
account,  jKirticularly  in  those  patients  with  marked  difficulties  in  repetition. 
Such  an  imjiairment  is  also  suggested  by  the  close  anatomical  neighborhood 
of  cortical  auditory  and  speech  areas.  Unfortunately,  we  have  so  far  been 
unable  to  establish  this  assumption  because  there  exists  no  reliable  non-verbal 
method  for  the  checking  of  cortical  auditory  dysfunction. 

Another  evidence  is  easier  to  prove:  "Amnesic"  and  "sensory"  aphasia  are 
generally  thought  to  be  two  completely  different  types  of  aphasia  with  differ- 
ent— and  in  the  case  of  amnesic  aphasia  somewhat  nebulous — pathogenesis 
in  the  light  of  the  classical  doctrine.  If  we  go  into  particulars  the  difference 
between  both  becomes  less  evident.  The  original  idea  of  amnesic  aphasia  as  an 
isolated  defect  in  naming  with  normal  receptive  functions  was  conceived 
under  a  bias  and  does  not  withstand  objective  checking.  Thorough  examina- 
tion reveals  expressive  and  receptive  defects  in  amnesic  aphasia  as  well  as  in 
every  other  type  of  true  aphasia.  Therefore,  the  essential  difference  between 
both  states  is  restricted  to  the  logorrhoic  flow  of  speech  with  abundant  para- 
phasias and  unawareness  of  the  numerous  errors  in  "sensory"  aphasia,  as  con- 
trasted with  the  patient's  taciturnity  and  the  sensitiveness  to  his  errors  in 
"amnesic"  aphasia.  The  patients  with  amnesic  aphasia  are  overscrupulous 
and  lacking  in  self-confidence  fas  a  normal  reaction  to  their  alarming  linguistic 
defects)  whereas  the  different  behavior  of  "sensory"  aphasics  is  due  to  lack 
of  self-criticism  and  to  an  euphoric  mood,  a  common  feature  of  organic  brain 
lesion,  independent  of  aphasia.  Accordingly,  the  lack  of  self-criticism  is  not 
restricted  to  speech  performances  but  bears  upon  the  general  attitude  of  such 
patients.  Therefore,  the  difference  between  "amnesic"  and  "sensory"  aphasia  is 
not  a  difference  in  the  linguistic  defect,  but  is  due  to  additional  effects  of  the 
brain  damage  on  general  behavior.  This  fact  also  accounts  for  the  temporal 
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evolution  of  symptoms  which  in  progressive  morbid  states  develop  from  an 
amnesic  into  a  sensory  type,  whereas  the  recovery  from  sensory  aphasia  usually 
occurs  over  an  amnesic  state. 

In  cases  where  the  focal  lesion  responsible  for  aphasia  is  combined  with  dif- 
fuse cerebral  damage — for  instance,  cerebral  arteriosclerosis — aphasia  may  be 
complicated  by  a  reduction  of  general  mental  activity.  This  leads  to  "echo- 
lalia"  where  the  patient  tends  to  answer  a  question  by  changing  the  order  of 
the  veiy  words  of  the  question  into  a  more  or  less  correct  reply.  Other  impor- 
tant factors  modifying  aphasic  symptoms  are  a  reduction  of  general  intelli- 
gence, and  the  respective  language  as  a  linguistic  entity  which  has  essential 
bearings  upon  certain,  seemingly  aphasic  symptoms.  So,  for  instance,  the  much 
greater  role  which  so-called  "agrammatism"  plays  in  German  aphasics  as  com- 
pared with  English-speaking  ones  evidently  depends  on  the  different  grammati- 
cal complexity  of  both  languages. 

Even  individual  pre-morbid  speech  habits  may  be  of  influence  on  aphasic 
symptoms,  e.g.,  pre-morbid  literacy  or  the  habit  of  fast-speaking,  as  we  could 
demonstrate  in  some  cases.  In  other  cases  which  may  be  rare  but  do  occur,  there 
are  emotional  and  personality  factors  to  be  taken  into  account.  Aphasia  means 
a  severe  psychological  stress  with  most  serious  personal  and  social  conse- 
quences. It  is  more  than  likely  that  such  a  grave  emotional  impact  should — in 
one  case  or  another — evoke  personality  reaction. 

An  example  may  illuminate  this  point : 

A  dental  .^urgeon  suffered  a  stroke  at  the  age  of  sixty.  According  to  the 
records  of  the  general  hospital  where  he  received  first  treatment  the  initial 
symptoms  consisted  in  a  complete  right  sensorimotor  hemiplegia  and  a 
severe  "senson,'  and  motor"  aphasia.  He  made  a  quick  but  somewhat  unusual 
recovery  in  so  far  as  hemiplegia  and  sensoiy  aphasia,  as  gauged  by  his  recep- 
tive disorders,  entirely  disappeared  within  six  weeks,  whereas  the  motor 
aphasia,  i.e.,  the  inability  to  speak,  did  not  improve  at  all,  even  during  a 
special  treatment  in  a  speech  rehabilitation  center.  Four  years  after  the 
stroke,  when  we  saw  the  patient,  he  uttered  only  unintelligible  sounds  while 
his  under-standing  of  language  and  his  intellectual  capacities  were  evidently 
undisturbed.  He  would  have  been  the  most  perfect  and  most  pure  case  of  motor 
aphasia  ever  described — if  only  these  symptoms  had  not  been  neurotic  ones. 
His  emotional  repulsion  against  speaking  was  so  strong  that,  in  testing  for 
oral  apraxia,  he  perfectly  executed  .silent  movements  (protruding  of  tongue . 
blowing  up  of  cheeks,  licking  of  lips.  etc.  I  while  he  refu.sed  movements  combine  '1 
with  the  production  of  noise  as  whi.stling.  coughing,  smacking. 

The  key  to  this  puzzling  behavior  was  found  in  the  patient's  biography  which 
revealed  a  background  of  constant  emotional  stress.  His  wife  was  drug-addicted 
and  lived  in  a  mental  hospital  for  15  years.  Despite  a  good  income  as  dental 
surgeon  the  patient  was  in  constant  financial  difficulties  because  he  had  to  pay 
for  his  wife's  hospitalization — as  long  as  he  earned  money.  Very  shortly  aftd 
the  onset  of  his  illness  and  in  striking  discrepancy  with  his,  .so  far,  good  recov- 
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eiy  tho  patient  sold  his;  office  and  his  equipment  and  retired  iitto  a  home  for 
the  aged  people,  leaving  the  care  of  his  wife  to  public  welfare. 

Evidently,  this  patient  had  an  aphasia  at  the  beginning  of  his  disease;  yet, 
as  the  organic  sequelae  of  the  insult  disappeared  his  inability  to  speak  and, 
consequently,  his  professional  disablement  were  maintained  on  a  neurotic 
basis. 

Such  extreme  cases  are  certainly  not  frequent  although,  personally,  I  know 
some  more  of  them.  But  more  frequently  than  generally  considered  emotional 
factors  account  for  individual  peculiarities  in  an  otherwise  organic  syiidromo. 

Of  such  non-verbal  factors  influencing  speech  activity  there  exist,  without 
doubt,  still  more  which  have  not  been  considered  at  all.  When  we  distinguish 
these  additional  non-verbal  factors  from  the  genuinely  linguistic  disorder 
(aphasia)  and  try  to  evaluate  their  effect  on  speech  performances,  it  becomes 
evident  that  just  these  non-verbal  factors  account  for  the  differences  in  the 
clinical  iiattern  of  aphasia  which,  in  the  usual  classification,  wcie  attributed 
to  different  types  oi  .iplKisia.  Real  aphasia,  on  the  contrary,  then  api)ears  as  a 
uniform  ]iathogenetic  entity  with  a  single  dimension  of  language  deficit 
(Schuell  and  Jenkins). 

This  aphasia  proper  approximately  corresponds  to  the  so-called  "amnesic" 
aphasia.  A  sensible  interpretation  of  this  morbid  state,  however,  has  been  spoiled 
by  the  bias  of  preconcei^•ed  theories  and  by  undue  emphasis  on  the  accidental 
traits  in  the  morbid  pattern  prompted  by  the  scheme  of  classification.  Being  of 
non-verbal  order,  however,  these  accidental  traits  must  rather  be  eliminated  for 
proper  analysis  of  aphasia  per  se.  This  is  especially  true  for  the  time-honored 
bias  which  assumes  the  opposition  of  expressive  and  receptive  disorders,  while 
real  aphasia  affect  both  aspects  of  language  indiscrimately. 

As  soon  as  we  abandon  the  sterile  expressive-receptive  dichotomy,  it  be- 
comes evident  that  the  pattern  of  aphasic  achievements  and  failures  depends 
on  other  determining  principles,  namely:  on  the  linguistic  significance  of  the 
respective  performances.  It  has  long  been  known,  at  least  since  Jackson,  that 
only  part  of  speech  activities  is  affected  by  aphasia,  whereas  in  another  respect 
the  disorder  exceeds  the  field  of  articulated  speech. 

Regarding  speech  activities  little  affected  in  aphasia,  it  is  also  known  since 
Jackson  that  otherwise  severely  impaired  aphasics  sometimes  surprise  by  well- 
expressed  greetings,  conventional  phrases,  or  curses  in  appropriate  situations. 
Now,  a  curse  is  a  display  of  emotion;  and  salutation,  a  stereotyped  reaction 
to  a  certain  situation  of  frequent  occurrence.  Both  reactions  are  common 
components  of  animal  behavior  and  do  not  really  require  human  language. 
They  could  be  ea.sily  replaced  by  clenching  of  the  fist,  or  the  shaking  of 
hands. 

To  this  category  of  speech  performances  also  belongs,  to  a  certain  respect, 
logorrhoea,  a  distinctive  feature  of  "jargon  aphasia"  wdth  an  abundant  flow 
of  meaningless  phrases.  This  defect  in  speech  is  more  related  to  the  babblying  of 
a  parrot  than  to  sensible  human  language.  However,  there  is  a  surplus  of  speech 
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rather  than  a  deficit.  It  imiiortant  for  the  interpretation  of  aphasia  tliat  the 
logorrhoic  chatter  convoys  no  information  about  the  concepts  and  ideas  of  the 
speaker,  yet  provides  clcni-  idciice  as  to  his  bein^  pleased  or  angry,  i.e.,  evi- 
dence of  his  emotional  state.  Such  aphasic  speecli  prockictions  are  similar  to 
curses,  which,  also,  have  httle  linguistic  content  (usually  a  sacrilege  or  an  of- 
fense against  good  manners)  but  nuich  emotional  substance. 

In  contrast  to  this,  what  is  most  impaired  in  aphasia  is  the  production  of 
linguistically  coded  information;  or,  to  put  it  more  simply,  aphasia  i)rimarily 
affects  the  ability  to  inform  about  facts,  i.e.,  to  make  meaningful  state- 
ments. In  the  difficulty  with  the  production  of  meaningful  information,  the 
aphasic  disorder  transgresses  the  domain  of  articulated  speech.  Deaf-mutes 
communicate  by  their  "language  of  gestures."  In  aphasia  they  lose  the  fac- 
ulty to  express  their  ideas  with  gestures.  However,  the  loss  of  "language  of 
gestures"  in  aphasia  is  not  restricted  to  deaf-mutes.  Gestures  used  by  aphasic 
patients  when  tryin<i  to  make  up  for  their  linguistic  shortcomings  are  quite 
vague  and  heli)less,  particularly  if  compared  with  the  significant  gestures  of  a 
non-aphasic  deal-inute.  This  observation  caused  Finkelnburg  as  early  as  1870 
to  consiflei-  aphasia  to  be  a  kind  of  asymboly.  The  impairment  in  aphasia  of 
other  "significant"  non-verbal  performances,  i.e.,  drawing  and  modeling,  shall 
be  considered  later. 

The  comparison  of  preserved  versus  impaired  modes  of  communication  in 
aphasics  reveals  a  most  important  fact:  emotional  reactions  and  stereotyped 
situational  reactions  are  available  to  aphasics  whether  they  are  expressed  in 
articulated  speech  or  by  non-verbal  means.  Conversely,  the  aphasic  patient  is 
unable  to  make  a  meaningful  verbal  or  non-verbal  statement.  This  confirms  the 
statement  by  TIuo;lilings  Jackson,  made  nearly  a  hundred  years  ago,  that  the 
aphasic  is  "not  unable  to  speak"  but  rather  "unable  to  make  propositions."  In 
other  words,  the  linguistic  disturbance  which  we  term  aphasia  is  only  the 
most  conspicuous  but  not  the  essential  feature  of  the  syndrome.  Rather,  the 
aphasic  disorder  does  not  primarily  concern  articulated  speech  but  the  faculty 
to  "make  propositions,"  i.e.,  to  express  one's  ideas  by  meaningful  statements. 

To  make  a  proposition  or  a  statement  means  to  relate  different  concepts  to 
each  other  in  a  certain  logical  connection.  In  the  linguistic  sphere  statements 
are  embodied  in  sentences,  and  concepts  in  such  words  that  have  meanings  of 
their  own,  namely,  nouns,  adjectives,  and  verbs.  This  correlation  permits  a 
further  differentiation  and  si)ecification  of  the  aphasic  defect.  It  is  well  known 
that  the  aphasic  difficulty  mainly  concerns  those  words  with  a  definite  con- 
ceptual meaning.  These  are  either  entirely  lacking  in  aphasic  language  or 
distorted  by  paraphasias,  contrary  to  the  so-called  "small  words"  which  simply 
express  logical  relations  and  do  not  have  a  meaning  of  their  own.  The  latter 
are  undisturbed  or  constitute  as  in  logorrhoea,  a  verbal  surfeit  surplus.  As  the 
words  of  the  language  cannot  be  separated  from  their  underlying  meaning, 
we  may  as  well  define  aphasia  as  a  disorder  in  the  management  of  concepts 
and  in  the  use  of  concepts  for  meaningful  statements. 

The  concepts  are  the  elements  of  conceptual  thinking  which  endow  the 
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human  mind  with  its  power  of  omnipotent  and  omnipresent  imaginations  and 
ideas  and,  by  this  means,  allow  it  to  transgress  the  boundaries  of  the  actual 
situation  (to  which  an  animal  is  always  confined!.  The  concepts  are  categorical 
condensations  and  abstractions  of  many  and  various  experiences  and  seem  to  be 
immediately  and  consistently  present  in  the  mind  whenever  needed.  This  quick 
and  reliable  availability  leads  to  the  consideration  of  concepts  as  being  obvious 
and  needing  no  further  explanation.  However,  such  an  idea  would  be  erroneous. 
When  we  consider  a  simple  everyday  concept  as  for  example,  that  of  a  "tree," 
this  includes  the  innumerable  real  trees  of  our  experience  together  with  all 
those  which  our  imagination  could  add.  We  are  provided  with  .-iucli  a  multiplic- 
ity of  the  most  diverse  representatives  of  the  class  "tree"  that  their  common 
essence,  the  "concept  of  a  tree,"  is  restricted  to  a  vague,  colour-,  contour-,  and 
timeless  phantom.  In  this  vague  and  shapeless  matter  there  remains  only  one 
substantial  and  stable  thing  which  we  can  manipulate,  namely,  the  word 
"tree"  of  the  language. 

This  word  "tree,"  however,  stands  for  the  whole  range  of  potential  mean- 
ings of  the  concept.  In  the  individual  case  only  a  part  of  this  full  content  is 
implied.  So,  the  concept  of  a  "tree"  may  mean  an  oak  or  a  beech;  it  may  repre- 
sent a  conspicuous  object  of  the  landscape,  or  one  of  the  many  elements  of  a 
forest,  an  economic  product  of  forestry,  or  a  botanical  class,  etc.  Its  actual 
meaning  always  depends  on  the  context  in  which  the  word  (or  concept)  is 
placed.  The  actual  meaning  of  concepts  used  in  language  must  be  developed 
in  a  highly  complex  process  of  actualization  occurring  immediately  and  inces- 
santly while  speaking — whenever  the  words  are  to  convey  a  sensible  meaning. 

Now,  because  aphasia  primarily  affects  the  management  of  concepts  and 
their  use  in  language,  it  seems  worthwhile  to  consider  the  actualization  of 
concepts  in  aphasic  patients.  For  this  aim,  however,  we  must  avoid  one  mis- 
take which  has  repeatedly  led  past  observers  astray.  Normally,  one  derives  in- 
formation concerning  another's  concepts  through  the  channel  of  language.  In 
the  aphasic,  this  channel  is  disturbed  and  cannot,  therefore,  provide  reliable 
information.  The  conceptual  disorder  of  aphasia,  however,  is  not  confined  to 
articulated  speech  and,  therefore,  non-verbal  performances  might  implicate  the 
actualization  and  application  of  concepts. 

One  such  non-verbal  access  to  the  patient's  concepts  and  their  actualization 
is  possible  through  drawing  and  modeling.  If  one  draws  (or  models  in  clay)  an 
object  "from  memory"  (i.e.,  without  model),  he  must  take  its  shape  from  his 
"imagination,"  i.e.,  from  his  concept  of  the  object.  Regarding  communication, 
such  designs  and  models  are  "statements"  about  the  shape  of  these  objects. 
Drawing  and  modeling  are  performances  which  aphasics  can  perform.  Yet,  their 
products  present  remarkable  deficiencies  which  sometimes  supply  valuable  evi- 
dence about  the  nature  of  the  underlying  concepts.  The  following  pictures  are 
samples  of  such  modeling  by  aphasic  patients  with  plastic  material. 

Figure  1  is  supposed  to  be  a  "canary."  While  it  is  definitely  a  bird,  it  is  cer- 
tainly not  a  canary;  it  resembles  a  chicken  more  closely.  This  is  analogous  to 
what  one  would  call  paraphasia  in  a  speech  performance:  The  correct  word  (or 
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concept  in  this  case)  is  replaced  by  another  one  which  belongs,  however,  to  the 
same  conceptual  sphere  (in  this  case  the  superimjiosed  category  of  bird  I . 

The  next  figure  (Fig.  2) — from  the  same  patient — is  intended  to  be  a 
•■flower-vase.''  It  surely  belongs  to  the  bowl — or  dishlike  vessels;  yet  it  did 
not  fully  develop  into  a  tall  and  narrow-mouthed  flower-vase. 

Another  type  of  insufficient  differentiation  offers  the  "giraffe"  (Fig.  3)  from 
another  patient.  The  specific  discriminative  feature  of  the  giraffe  may  be  termed 
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Fig.  1.  "Canary." 
Fig.  2.  "Flower-vase." 
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Fig.  3.  "Giraffe." 
Fk;.  4.  "Wlieel-barrow." 

"oversize,"  namely,  of  its  neck  and  legs.  This  "oversize"  is  somehow  uncouthly 
embodied  in  this  figure,  but  instead  of  being  limited  to  neck  and  legs  it  is  dis- 
tributed indiscriminately  in  all  the  parts  of  the  animal. 

A  "wheel-barrow"  (Fig.  4)— again  from  the  first  patient;  the  patient  suc- 
ceeded moderately  in  producing  the  general  shape  of  a  wheel-barrow.  Yet  the 
wheel-barrow  contains  a  fundamental  mistake:  Instead  of  the  wheel  it  has  two 
more  legs  and,  therefore,  lacks  the  essential  feature  of  a  cart. 

The  same  is  true  for  the  "hedgehog"  (Fig  5.),  from  a  country  woman,  which 
was  again  fairly  correct  in  its  general  shape.  But,  having  artistically  curled 
hair  instead  of  spines,  the  patient  missed  the  essential  attribute  of  a  hedgehog. 

In  contrast  to  these  defective  aphasic  modelings  I  can  show  a  piece  of  work 
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from  the  aforciiU'iitii)nc(l  dentist  witli  psycliogenic  ?i)ccch  disoi'der  (Fig.  6). 
This  patient  eagerly  modeled  a  whole  stage  setting  which  is  most  instructive 
as  projective  test  to  demonstrate  his  personality  troubles,  but  is  far  from  the 
defective  production  of  an  aphasic. 


j 

Fig.  5.  "Hedgehog." 


Fig.  6.  "Farm." 


These  examples  which  could  easily  be  multiplied  reveal  the  following  two 
I  -sential  facts:  (1)  The  linguistic  mistakes  in  aphasia  correspond  to  equal 
ilclccts  in  the  conceptual  pattern  of  aphasic  patients;  and  (2)  These  conceptual 
mistakes  arise  from  defective  actualization  leading  to  insufficiently  or  even 
wrongly  differentiated  concepts.  This  conceptual  disorder  is  still  increased  by  a 
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severely  retarded  actualization  of  concepts  which  can  be  demonstrated  easily 
in  adequate  examinations.  Normal  language  presupposes  a  quick,  as  well  as, 
fully  differentiated  actualization  of  concepts.  Therefore,  this  disorder  must  by 
necessity  severely  impede  the  use  of  language. 

On  the  grounds  of  this  evidence,  aphasia  seems  to  be  a  disorder  of  conceptual 
thinking  and  of  concept  formation  rather  than  of  speech.  Admitting  only  a 
single  aphasic  disorder,  the  conceptual  defect  per  se  accounts  well  for  the 
peculiar  pattern  of  symptoms  in  aphasia  namely,  the  sparing  of  speech  per- 
formances which  are  independent  of  conceptual  thinking  (like  swearing,  con- 
ventional or  meaningless  phrases,  etc.) ,  and  the  impairment  of  the  ability  to 
make  a  statement  (always  requiring  conceptual  thinking)  whether  made  in 
articulated  speech,  by  gestures,  by  drawing,  or  other  non-verbal  means  of  ex- 
pression. 

This  notion  agrees  with  modern  linguistic  views  about  the  correlation  be- 
tween language  and  conceptual  order.  Yet  it  excludes  any  intrinsic  relation 
between  aphasia  and  agnostic  type  of  perceptual  disorders  or  motor  defects 
in  the  kind  of  apraxia. 

Passing  over  to  this  last  element  of  the  trinity,  apraxia  turns  out  to  be  a 
mere  produce  of  speculative  imagination  created  on  purely  hypothetical 
grounds  which  (to  use  a  word  of  Head)  does  more  to  elucidate  the  ways  of 
productive  human  thinking  than  those  of  the  brain  function.  The  hypothetical 
base  of  apraxia  is  the  axiom  of  the  strictly  symmetrical  set-up  of  nervous 
functions  from  a  motor  and  sensory  half.  Therefore,  as  paralysis  corresponds 
to  anaesthesia,  agnosia  as  a  disorder  of  higher  psycho-sensory  functions  asks 
for  a  counterpart  on  the  psychomotor  level.  This  gap  in  the  scheme  led  to  Liep- 
niann's  notion  of  apraxia. 

Now,  what  is  actually  .subsumed  under  the  heading  of  apraxia  is  far  from 
being  pathogenetically  uniform.  One  set  of  disorders,  e.g.,  the  so-called  ideo- 
motor,  ideokinetic,  limb-kinetic,  etc.,  types  of  apraxia,  are  incomplete  and 
therefore  somewhat  complex  sensorimotor  disorders  of  motility,  generally  in 
patients  with  slightly  reduced  mental  capacities.  They  are  quite  arbitrarily 
and  artificially  separated  from  the  bulk  of  motor  disorders  in  order  to  satisfy 
the  theory.  Another  set  of  disorders  consists  of  the  so-called  ideatory  or  con- 
structional apraxia,  apraxia  for  dressing,  etc.  Here  confusional  states,  disturbed 
spatial  orientation,  and  similar  general  mental  disorders  account  for  the  pa- 
tient's failure  in  complex  ideational  tasks.  Pertinent  cases  from  literature 
frequently  display  evident  symptoms  of  aphasia,  but  these  have  been  de-em- 
phasized in  order  to  save  the  theory. 

As  the  diver.se  types  of  apraxia  vary  .so  completely  in  appearance,  there  is  no 
practical  gain  in  uniting  them  under  a  common  denominator.  And  there  is  even 
less  reason  to  postulate  a  pathogenetical  unit  which  could  supply  a  sensible 
meaning  to  the  concept  of  apraxia. 

Reviewing  the  concepts  of  apraxia,  agnosia,  and  aphasia,  in  their  evolution 
during  the  greater  part  of  a  century,  we  find  that  the  rigidly  presumed  correla- 
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tion  between  them  was  a  fiction  which  severely  hampered  better  Imderstanding 
of  the  states  themselves.  Considered  separately,  apraxia  is  a  mere  hypothetical 
postulate  which  represents  neither  a  \alid  pathogenetic  entity  nor  a  useful 
empirical  syndrome.  The  term  ajiraxia  is  only  apt  to  create  confusion  and 
should  be  discarded. 

Agnosia,  in  its  original  meaning,  is  also  derived  from  untenable  theories. 
Therefore,  it  does  not  supply  a  valid  explanation  for  any  pathological  state. 
The  term  might  be  used  to  denominate  some  clinically  similar  syndromes.  As 
the  resemblance,  however,  is  restricted  to  mere  superficial  similarities,  we  can 
as  well  do  without  this  term. 

IVIoreover,  the  term  is  dangerous,  because  its  use  leads  one  to  believe  that  we 
have  an  ultimate  solution  to  the  problems  by  replacing  a  clear  concept  with  a 
melodious  Greek  word. 

In  opposition  to  these  phantoms,  aphasia  is  a  real  pathological  entity.  Re- 
leased from  the  erroneous  connexion  with  apraxia  and  agnosia  it  even  proves 
to  be  uniform  in  its  intrinsic  pattern  although  its  clinical  appearance  may  be 
modified  by  accidental  factors.  Unlike  the  classical  views,  this  specific  aphasic 
disorder  does  not  concern  some  imaginary  processes  of  verbalization  but 
rather  seems  to  be  a  disorder  of  conceptual  thinking  and  of  concept  formation 
which  affects  linguistic  processes  in  so  far  as  language  is  the  most  elaborate 
and  most  important  means  for  the  handling  of  concepts. 

Therefore,  we  should  not  waste  our  time  in  pursuing  the  idle  notions  of 
agnosia  and  apraxia,  whereas  further  studies  about  aphasia  promise  valuable 
knowledge  of  the  functioning  of  the  human  brain  and  mind. 
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"ABORTIVE"  LEGG-CALVE-PEU  IHKS  DISEASE 
OR 

DEVELOPMENTAL  VARIATION  IN 
EPIPHYSEOGENESIS  OF  THE 
UPPER  FEMUR 

JACOB  F.  KATZ,  M.D. 
New  York,  N.  Y. 

While  supervising  the  treatment  of  children  with  unilateral  Legg-Calve- 
Perthes  disease  at  the  Blythedale  Children's  Hosi)ital,  minimal  surface  contour 
indentations  and  irregularities  were  noted  in  the  radiographs  of  the  opposite  or 
apparently  uninvolved  hi\). 

There  were  two  references  in  the  orthopedic  literature  suggestively  similar  to 
this  finding.  Goff  referred  (1)  briefly  to  this  condition,  stating  that  it  had  "few 
if  any  clinical  signs  to  indicate  a  breakdown"  and  that  it  was  usually  "picked 
up  incidentally  on  check-up  x-ray."  He  also  said  that  it  tended  to  heal  befo.  c  the 
first  hip.  Sundt,  in  his  monograph  (2),  described  3  cases,  all  in  boys,  of  mild 
radiographic  changes  in  the  "other  clinically  healthy  hip"  while  treating  clini- 
cally unilateral  L-C-P  di.'-easc.  The  changes  regressed  after  "some  months  . .  . 
either  entirely  or  to  an  essential  degree."  He  coined  the  term  "abortive"  Legg- 
Calve-Perthes  disease  for  this  category. 

The  material  analyzed  in  this  paper  was  extracted  from  a  group  of  208  children 
with  Legg-Calve-Perthes  disease:  (Fig.  1)  174  males  (84%)  and  34  females 
(16%) .  Eighteen  of  the  i)atients  ( 15  males  and  3  females)  had  classical  bilateral 
involvement  (9%)  and  confoiincd  to  the  average  statistical  incidence  of  bilater- 
ality.  Of  the  190  patients  remaining,  144  (69%)  had  classical  unilateral  in- 
volvement accompanied  with  symjitoms  of  pain  and/or  limp  and  signs  of  vai-y- 
ing  hip  joint  restriction  all  consistent  with  accepted  L-C-P  disease  picture. 
Thirty-three  (16%  I  had  classical  unilateral  involvement  with  the  symptoms, 
signs  and  radiographic  changes  ordinaiily  present  in  support  of  the  diagnosis 
of  L-C-P  but  in  addition  showed  surface  contour  changes  in  the  opposite  hip. 
These  second  hip  radiographic  findings  were  incidental  and  not  associated  with 
clinically  demonstrable  signs  nor  of  history  of  prior  symptoms. 

It  is  to  this  latter  group  of  33  cases  and  its  second  hip  changes  that  attention 
is  directed.  Thiity-one  of  tlie  children  wei'e  male  and  2  female.  The  most  common 
pattern  of  change  in  tlu'  opposite  hip  was  ix'|)i-esente(l  in  19  jiatients  by  a  single, 
fairly  centrally  located  oval  or  V-shaped  surface  defect  (Fig.  2 1.  It  varied  from 
one  to  several  millimeters  in  depth  (Fig.  3).  Occasionally,  it  could  be  seen  l)est 
only  in  a  single  view,  either  the  antero-posterior  or  lateial  (Fig.  4).  At  times,  it 
appeared  symmetrically  in  both  views.  At  other  times,  it  was  ovoid  in  one  pro- 
jection but  appeared  as  a  cortical  flattening  in  the  other. 

From  the  Department  of  Orthopedics,  The  Mount  Sinai  Hospital,  New  York,  N.  Y. 
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Tlie  next  most  coininon  deviation  in  tlie  opi)Osite  hip,  seen  in  8  cases,  assumed 
the  form  of  several  tiny  cortical  defects  appearing  at  the  same  time  and  pro- 
ducing a  scalloped  surface  configuration  (Fig.  5).  This  usually  was  seen  better 
in  one  projection  (  Fig.  6  ) . 

The  third  segment  compri.sed  the  remaining  6  cases  anfl  represented  heterog- 


FiG.  3.  The  minimal  involvement  seen  in  the  right  femoral  epiphy.'ii.s  i.s  a  deeixr  V- 
shaped  defect.  It  is  central  in  location  in  the  A-P  view.  In  the  lateral  projection  its 
appearance  is  that  of  cortical  flattening.  This  lesion  lasted  almost  three  years. 

enous  surface  defects.  These  were  noted  to  be  present  eccentrically  and  in  por- 
tions of  the  femoral  epiphysis  other  than  the  usual  central  or  slightly  lateral 
localization. 

The  single  or  multiple  indentations  were  occasionally  accomi)anied  with 
some  overall  ti'al)ccular  irregularity.  Occasionally,  mild  irregularity  occiUTed 
along  the  width  of  the  epiphyseal  cartilage  plate  but  this  seemed  never  to  be 
followed  by  growth  retardation  or  l)roadening  of  the  femoral  head  or  femoral 
neck. 
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Figure  7  shows  the  distribution  of  <ill  the  jiationts  with  Legg-Calve-Perthes 
disease  according  to  age.  The  average  am>  foi-  males  and  females  was  6  years 
with  a  span  covering  ages  2  to  H  \  (       ( )f  the  :VA  i  a>(  >  i  Fi<j:.  8i  in  the  group 


pertinent  to  this  study,  the  a\  i 


4'  l>  >cai>  with  a  span  extending 


MALE  7  YRS. 


Fk;.  4.  The  minimal  lesion  in  the  right  femoral  epiphysis  is  centrally  located  in  the  A-P 
view.  It  is  .seen  le.s.s  well  in  the  lateral  view  where  it  appears  as  a  shallow  subcortical 
rarefaction.  The  epiphyseal  cartilage  plate  is  irregular.  Tlic  defect  lasted  for  about  17 
months. 


from  2  to  8  years.  Tlic  younger  average  age  in  tlie  chihh-en  with  iiiiiiiinal  defects 
is  noteworthy. 

The  cases  in  whicii  minimal  defects  were  found  in  the  opi)osite  hip  occurred 
in  males  in  higher  proportion  than  did  the  usual  form  of  L-C-P  disease.  The 
overall  incidence  in  L-C-F  was  84%  males  and  16%  females,  whereas  in  the 
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grou])  with  second  liij)  mininial  changes,  94''^  were  males.  Only  as  additional 
exi)eriences  add  to  tlie  numi)ers  of  such  patients,  can  it  he  deteiiuined  whetluT 
the  above  associations  are  constant  and  irliablc. 

The  length  of  time  during  which  the  minimal  contour  defect  persisted  ex- 
hibited great  variation.  The  shortest  period  was  3  months  and  the  longest  38 


Fig.  5.  In  this  patient,  the  wavy  sfailopod  .subcortical  rarefaction  is  scon  best  in  the 
A-P  view,  laterally.  It  is  not  wholly  ccniial  and  tends  t(j  sjacad.  In  ihr  lateral  vu-w.  how- 
ever, the  defect  appears  as  a  central  suiicoitn-al  larcfaci Kjn.  The  lunci  ilid  iidt  di-appear 
for  29  months. 

months.  The  contralateral  liip  surface  change  always  disappeared  before  the 
classical  ipsilateral  hip  fully  I'ecovered.  Occasionally,  it  remained  throughout 
most  of  the  cycle  of  healing  of  the  more  involved  side. 

The  appearance  of  the  minimally  involved  hip  at  termination  of  healing  was 
virtually  complete  restitution  I  Fig.  9l,  This  striking  feature  stood  out  in  bold 
relief  in  comparison  with  the  end  stage  of  classical  Legg-Calve-Perthcs  disease, 
in  which  varying  degrees  of  deformity  was  the  rule  ( 3) . 
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DISCUSSION 

The  concept  of  an  "abortive"  Legg-Calve-Perthes  is  attractive.  The  minimal 
contour  changes  seen  in  the  "normal"  hip  in  co-existence  with  the  more  severe 


Fic.  6.  In  this  patient,  the  wavy  scalloped  subcortical  rarefaction  is  seen  best  in  n 
lateral  view  of  the  right  hip.  In  the  A-P  view  the  defect  appears  oval  and  to  be  locat' 
in  the  lateral  portion  of  the  femoral  epiphysis.  The  process  lasted  14  months. 

bilities  of  two  varieties  of  L-C-P.  .Some  indirect  evidence  was  afforded  by  the 
reports  of  Goff  and  Sundt,  already  mentioned,  of  .similar  experiences  in  a  small 
number  of  Perthes  patients. 

Nevertheless,  when  this  .state  of  affairs  was  described  and  the  interpretation 
of  two  varieties  of  L-C-P  offered,  much  critici.sm  was  provoked.  It  was  po.-cil 
that  the  minimal  irregularities  in  the  contour  of  the  subchondral  bone  could 
al.so  be  variant.-^  of  normal  growth.  Professional  men  of  great  experience  who  Ix- 
lieved  these  minimal  defects  to  be  simjile  variations  in  the  normal  development 
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stated  that  it  could  be  seen  very  often  in  any  subchondral  location  of  growing 
bone.  Caffey's  (4)  statement  was  quoted  that  "when  focal  irregularities  in  den- 
sity are  found  in  the  bones  of  asymptomatic  children,  the  diagnosis  of  aseptic 
necrosis  should  be  made  with  caution." 
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A  closer  examination  of  the  literature  revealed  much  less  corroboration  of  this 
normal  growth  variant  proposition.  Within  Caffey's  textbook  listing  the  sites 
of  usual  irregular  mineralization  in  the  growing  skeleton,  the  upper  femoral 
epiphysis  was  excluded.  The  humeral  trochlea,  tibial  process  and  patella  were 
characteristically  irregular  thruout  the  period  of  growth.  Irregularities  in  mar- 
ginal mineralization  in  the  distal  femoral  (5)  and  proximal  tibial  epiphyses  are 
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limited  to  certain  age  levels,  as  for  example.  2  to  6  years  in  the  case  of  the  distal 
femoral  epiphysis. 

Bunnan  and  Clark  (6l  speaking  of  the  hip  joint  of  the  infant  in  the  first 
twelve  months  of  life,  stated  that  the  growth  of  the  upper  femoral  epiphysis 


Fig.  9.  The  serial  studies  of  the  minimal  lesion  in  the  right  femoral  head  show  • 
progression  towards  excellent  reconstruction.  Characteristically,  it  heals  before  the 
of  major  involvement  although  it  may  take  in  e.xcess  of  two  years  to  do  it. 

is  regular  and  its  trabeculation  smooth  and  even  and  that  at  si.\  months  of  a_ 
the  epiphysis  has  attained  constancy  of  appearance. 

Martin  (7)  summarizing  the  general  characteristics  of  a  child's  hips,  stated 
that  the  femoral  head  epiphyses  are  present  and  equal  by  the  age  of  3  years  and 
are  hemi.spherical  in  shape  with  a  horizontal  epiphyseal  line. 
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SUMMARY 

1.  Surface  contour  irregularities  have  been  described  in  the  contrahiterul  or 
so-called  "normal"  hip  in  33  cases  of  classical  unilateral  L-C-P  patients. 

2.  In  this  group  of  patients  there  were  no  signs  or  symptoms  relati\-e  to  the 
contralateral  hip  joint  changes  and  discovery  was  incidental  to  the  bilatcial 
radiographs  taken  to  follow  the  course  of  the  classical  unilateral  L-('-P  disease. 

3.  The  average  age  of  this  grou])  was  lower  and  the  male  sex  incidence  higher 
than  in  the  usual  averages  of  L-C-P  disease. 

4.  Recovery  from  or  disappearance  of  the  .surface  irregularities  took  a  variable 
period  from  several  months  to  years  but  seemed  to  result  in  almost  perfect  res- 
titution of  the  form  of  the  femoral  head. 

5.  It  is  not  clear  whether  the  minimal  surface  contour  alterations  described 
are  a  form  of  "abortive"  Legg-Calve-Perthes  disease  or  simply  a  variation  in 
upper  femoral  epiphyseogenesis.  However,  since  documentation  of  such  growth 
variation  has  not  been  discovered  in  the  literature  despite  epiphyseal  longi- 
tudinal growth  studies,  I  am  suggesting  abortive  Legg-Calve-Perthes  as  an  ex- 
planation. 
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ISOLATED  TRANSECTION  OF  THE  PANCREAS 
CAUSED  BY  BLUNT  THORACIC  TRAUMA 


ROBERT  M.  RICHTER,  M.U.,  LEWIS  BURROWS,  M.D,, 
AND  DAVID  A.  DREILIXG,  M.D. 

New  York,  X.  Y. 

The  frequency  of  pancreatic  transection  by  blunt  trauma  to  the  abdomen  is 
well  recognized,  but  its  occurrence  as  an  isolated  phenomenon  has  been  infre- 
quently reported  since  it  was  first  noted  by  Jaun  (1)  in  1856.  Blandy,  Hamblen 
and  Kerr  (2l,  in  1959,  summarized  the  twenty  previously  reported  cases  and 
added  one  of  their  own. 

The  purpose  of  this  paper  is  to  report  what  is  believed  to  be  the  first  recorded 
case  of  isolated  transection  of  the  pancreas  by  blunt  trauma  to  the  thorax. 

C.\SE  REPORT 

The  patient,  a  30  year  old  female,  was  admitted  to  The  Greenpoint  Hospital 
Emergency  Room  at  12:55  .\.m.  on  8,'25/63,  complaining  of  abdominal  pain. 
Thirty  minutes  earlier,  while  riding  in  the  right  front  seat  of  an  automobile 
traveling  at  low  speed,  she  was  thrown  against  the  dashboard  when  the  driM  r 
of  the  vehicle  brought  it  to  a  sudden  stop,  striking  her  left  lower  thorax.  She  \\  a- 
brought  to  the  hospital  when  abdominal  pain  developed  soon  thereafter. 

Examination  disclosed  that  the  blood  pressure  was  80/60  and  the  pulse,  90 
minute.  The  temperature  was  normal.  A  recent  ecchymosis  was  noted  just 
beneath  the  left  inframammarv'  fold,  but  there  was  no  other  external  evidence 
of  injur}'.  The  lungs  were  clear.  The  abdomen  was  scaphoid,  but  tender  in  all 
quadrants;  rebound  tenderness  was  present  in  the  left  hypochondrium.  Bowel 
sounds  were  diminished.  Pelvic  examination  revealed  marked  tenderness  upon 
motion  of  the  cervix;  no  mass  could  be  felt. 

Hemoglobin  was  9.0  gm%.  White  blood  cell  count  was  28.950  mm  (3i.  Fihn- 
of  the  chest  and  abdomen  and  intravenous  pyelogram  were  normal. 

With  the  infusion  of  normal  saline,  blood  pressure  rose  to  110  70,  but  the 
pulse  remained  elevated.  Abdominal  paracentesis,  performed  in  the  right  lower 
quadrant,  yielded  several  cc  of  blood  which  failed  to  clot. 

Laparotomy  was  performed  five  hours  after  the  injtiry,  with  the  presumptive 
diagnosis  of  ruptured  spleen.  A  left  rectus-splitting  incision  was  made,  and  250 
cc  of  liquid  blood  was  removed  from  the  peritoneal  cavity.  The  spleen  was  found 
intact,  but  inspection  of  the  pancreas  after  division  of  the  gastrocolic  omentum 
revealed  a  sagittal  transection  5.5  cm  from  the  tip  of  the  tail.  The  splenic  vessels 
had  been  bared  opposite  the  laceration,  but  were  undamaged.  A  small  hematoma 

From  Greenpoint  Hospital,  AflSliate  The  Mount  Sinai  Hospital,  Xcw  York,  X.  Y. 
Requests  for  reprints  should  be  directed  to  R.  M.  Richter,  M.D.,  300  Skillman  Av-  , 
Brooklyn,  N.  Y. 
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surrounded  the  lacci'at  ion ;  there  was  no  aetive  bleeding.  The  ret  loperitoneal 
portion  of  the  (hiodenuni  was  intact,  and  aside  from  a  3  cm  diametei'  serous  cyst 
of  the  right  ovary,  the  remainder  of  the  ahdominal  organs  were  found  to  l)e 
uormah 

The  a\ulsed  fragment  of  jiancreas  was  removed,  together  with  the  spU'en. 
After  wedge  excision  of  the  distal  1  cm  of  hemorrhagic  tissue  from  the  stump  of 
icmaining  pancreas,  repair  was  accomplished  by  suture  ligation  of  the  main 
l)ancreatic  duct  and  approximation  of  the  anti'iior  an<l  posterior  surfaces  of  the 
gland  with  00  silk.  The  jiancreatic  bed  was  drainiMl  w  iili  a  hn  tic-boic  sump  and 
a  latex  tube  tlrain.  The  abdomen  was  clost'd  in  layeis  with  wire  sutures.  ].")()()  cc 
of  blood  was  administert'd  during  the  opei  ation. 

Postoperatively,  all  oial  intake  was  withheld  and  nasogastric  suction  was 
maintained  for  seven  days;  tlu'i-eafter,  a  ftdl  diet  was  gradually  i-esume(l.  Peni- 
cillin was  administered  for  seven  days.  Tempeiatuic  remaine(l  bewteen  1(JU°P' 
and  101°F  for  nine  days  and  then  returned  to  noi'mal.  Diainage  from  the  al)- 
domen  was  less  than  5  cc  daily  after  150  cc  of  bloody  serum  was  obtained  dui'ing 
the  first  twelve  hours  after  operation.  On  the  second  postop('rati\c  day,  analysis 
of  the  drainage  for  amylase  activity  showed  1.992  King-Aiinst long  units  cc. 
Serial  serum  amylase  determinations,  l)eginning  immediately  aftei'  opeiation, 
were  within  normal  limits,  although  for  the  first  36  hours  levels  of  appro.ximately 
260  units  cc  were  present.  Subseciuent  values  wert'  below  90  units  cc. 

An  asymptomatic  left  pleural  effusion  developeil,  presumably  i)ecause  of 
contiguous  retrojieritoneal  injury.  Removal  of  the  drains  was  delayeil  because 
of  continued  scant  drainage.  Skin  excoi'iation  around  the  di'ains  did  not  de\-elop. 
and  contrast  study  of  tlu'  tract  on  the  thirtieth  postoperati\-e  day  failed  to  dem- 
onstrate a  collection.  After  i-em()\'al  of  the  di'ains  on  the  thirty-third  day.  the 
tract  closed  rapidly.  Seci-etin  test,  perfoi'uied  on  the  thii'ty-sixth  day,  and  serial 
blood  glucose  determinations  were  nornud.  The  jiatient  was  dischai-ge<l  on  the 
thirty-seventh  postoperative  flay  in  satisfactory  condition,  although  a  small 
left  pleural  efTusion  remained.  Follow-up  films  showed  its  disappearance  a  month 
later,  and  she  has  remained  well  since  then. 

DISCUSSION 

The  mechanism  of  jiancreatic  injuiy  by  direct  blunt  abdominal  trauma  is 
generally  accejited  to  be  that  of  crushing  l)y  dii'ect  force  against  the  spine.  Less 
commonly,  contre-coup  force  may  be  responsible  (3).  The  authois  share  the 
discontent  of  Blandy.  Hamblen  and  Kei'i-  r2i  that  these  ai-e  the  only  possii)lc 
explanations,  especially  since  the  resi)onsil)le  ti-auma  often  secMus  mild  when 
compare(l  to  the  extent  of  the  injury.  In  the  case  rejiorte*!  al)ove.  wlierein  the 
force  was  directed  obli(iuely,  and  to  the  thoi'ax  rather  than  the  abdomen,  and 
where  the  injury  to  the  panci'eas  was  at  some  distance  fioiii  the  ])ortion  over- 
lying the  spine,  another  mechanism  nuist  be  supposed.  It  is  our  ojjinion  that 
the  sudden  deceleration  in  this  case  genei-ated  sufficient  shearina:  force  to  cause 
the  injury;  this  would  be  analogous  to  the  fanuliar  whiplash  injury  of  the  neck. 
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It  must  be  assumed  that  a  combination  of  obliciuc  force  and  anatomic  fixation 
account  in  some  fashion  for  this  particular  injury  here,  rather  than  a  more 
proximal  pancreatic  laceration  or  avulsion  of  the  spleen  from  its  pedicle. 

It  is  generally  acknowledged  that  resection  of  the  portion  of  the  pancreas 
which  lies  to  the  left  of  the  superior  mesenteric  vessels  can  be  accomiilislicd 
with  a  negligible  incidence  of  pancreatic  endocrine  or  exocrine  deficiency.  Like- 
wise, attempts  to  preserve  the  distal  portion  of  a  divided  pancreas  risk  a  high 
incidence  of  fistula,  pseudocyst,  abscess  and  hemorrhage,  whether  direct  sutuix 
of  the  gland  is  attempted  or  the  distal  portion  is  anastomosed  to  the  gut.  There- 
fore, it  is  apparent  that  the  treatment  of  choice  is  removal  of  the  distal  fragment 
of  the  divided  pancreas  (4-61.  Of  the  five  cases  noted  by  Blandy,  Hamblen  and 
Kerr  which  were  so  treated,  four  survived  without  complication,  the  fifth  dying 
of  secondary  hemorrhage. 

In  the  management  of  j)atients  who  have  undergone  operation  upon  the 
pancreas,  stimulation  of  pancreatic  secretion  is  to  be  avoided  until  healing  i> 
assured.  As  in  the  case  reported  above,  it  is  believed  that  this  measure  signifi- 
cantly lessens  the  risk  of  pancreatic  fistula  and  its  sequelae.  Although  few 
drugs  at  therapeutic  dosage  have  been  shown  to  have  a  significant  depressive 
effect  ujion  pancreatic  secretion,  it  is  certain  that  endogenous  stimulatory  fac- 
tors are  markedly  reduced  when  oral  intake  is  withheld  and  gastric  juice  is  pre- 
vented from  entering  the  duodenum. 

SUMMARY 

A  ca.se  of  transection  of  the  pancreas  caused  by  blunt  trauma  to  the  thorax 
is  presented.  The  theoretical  mechanism  of  this  injury  and  the  management 
of  distal  ])ancreatic  injuries  in  general  are  discussed. 
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COMPLICATIONS  OF  POLYCYSTIC  DISEASE 
OF  THE  LIVER 


MORTON  FELDMAN,  M.D.,  and  KDWAKI)  K.  .IKMiaUX,  M.D. 
Xnr  Yurh-.  X .  Y. 

The  classification  of  l)cnil^n  n()ii|i:ii'a>itic  Ywrv  cysts  into  two  distinct  groups, 
solitary  cysts  and  multiple  cysts  or  polycystic  disease,  appeal's  to  he  ad\-isal)le 
both  from  ])atlH)logic  ami  tliera|)eiitic  standpoints.  Polycystic  disease  of  the 
liver  has  been  defined  as  a  condition  in  which  the  h\ei'  is  im-olved  by  cysts  of 
varying  sizes.  It  is  o;(.'nerally  felt  that  nudtiple  cysts  and  polycystic  disease 
represent  variants  of  the  same  entity.  The  cysts  arise  from  ^rotijjs  of  intra- 
hepatic bile  ducts  which  fail  to  involute  111.  Histoloiiically  they  are  ^enei-ally 
lined  by  a  single  layer  of  cuboidal  or  low  colmnnai'  epithehmu.  The  contents 
are  usually  amorphous,  althougli  occasionally  the  cyst  wall  consists  of  fibrous 
tissue  (2).  Of  major  clinical  si<i:nificance  is  the  fre(itient  association  of  polycystic 
liver  disease  with  cystic  disease  invohinsj;  other  organs  (1  ).  The  condition  may 
be  familial  l3l.  Several  extensive  i'e\-iews  of  multiple  cysts  of  the  liver  have  ap- 
j)eared  in  ix^cent  years  1 1,  2,  4.  oi.  liecords  are  now  available  in  the  literature  of 
approximately  380  cases  with  a  snggesteil  sm'gical  incidence  of  about  0.02',  (2). 

Instances  of  i)olycystic  disease  of  the  In'er  presenting  with  associateil  com- 
plications are  rare  (4».  The  follow  iriii  case.-  are  siil>iuitte(l  to  illustrate  two  such 
complications  of  i)olycystic  liver  di>ease,  luunely,  ()l)structive  jaundice,  and 
spontaneous  ruptm-e  with  hemorrhage. 

CASE  1 

J.D.  (Al.S.H.  ?^53530l,  a  44  year  old  housewife,  was  admitted  to  The  Mount 
Sinai  Hospital  in  September.  IQoo,  because  of  generalized  pruiitis  and  a  right 
upper  quadrant  mass  of  two  months'  duration.  The  patient  denied  jainidice  or 
the  use  of  hepatotoxic  agents.  Her  appetite  had  been  normal  (hiring  this  pei'iod 
although  she  experienced  freqtient  episodes  of  ertictation,  distention  and  moder- 
ate epigastric  discond'ort  after  meals.  Progressiy-e  dysi)nea  was  noted  a  week 
prior  to  admission.  The  |)ast  history  I'evealed  an  appendectomy  and  cholecystec- 
tomy 15  and  23  years  ago,  respecti\-ely. 

On  examination,  a  soft,  non-tender  smooth  mass  was  palpable  below  the 
xiphoid,  fdling  the  light  tipper  Cjuadrant.  She  was  not  clinically  jaundiced.  Per- 
tinent laboratory  data  were  a  total  bilirubin  of  1.94  mg';,  with  a  direct  of  1.02 
mg%;  alkaline  phosphata.se,  47.8  King-Armstrong  units;  cephalin  Hocculation 
negative;  and  l)lood  urea  nitrogen  of  8  mg'r  .  The  galactose  tolerance  test  showed 
some-  decrease  of  liver  function.  Barium  meal  showed  an  imjjression  on  the 
posterior  surface  of  the  stomach  suggesting  a  retrogastric  mass  possibly  arising 
from  tln'  liver. 

From  the  Department  of  Surgery,  The  Mount  Sinai  Ho.spital,  New  York,  N.  Y. 
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Lajiarotomy  disclosed  multiple  liver  cysts.  The  largest  was  15  cm  in  diameter. 
The  latter  cyst  extended  from  the  porta  hepatis  and  contiguous  right  lobe  into  the 
left  lobe  of  the  liver.  The  common  and  hepatic  bile  ducts  were  compressed  by 
this  cyst,  the  ducts  from  the  common  hepatic  duct  proximally  seeming  to  enter 
into  the  jjosterior  cyst  wall.  To  the  right  of  this  cyst  was  a  7.5  cm  diameter  cyst, 
and  two  smaller  ones  were  seen  to  the  left  of  it.  The  cysts  contained  colorless, 
slightly  turbid  fluid.  They  were  all  subtotally  cxcisiul  with  obvious  release  of 
i)ile  duct  compression. 


Fig.  1.  Microscopic  .section  of  of  bile  duct  cyst  of  liver  witli  cliaracteii.-tic  cuhuid.il 
epithelial  lining  and  surrounding  collagenous  tissue.  Hemato.xylin  and  eosin;  X200  (Case  1 ) 

The  pathologic  rei)ort  of  the  excised  specimen  was  "bile  duct  cy.<t  of  the  livci  ' 
(Fig.  11. 

Post-operatively,  the  patient  did  well  until  April,  1959.  when  she  was  re  - 
admitted for  recurrent  pruritis,  again  associated  with  a  moderate  sized  al)- 
dominal  mass.  On  this  admi.«sion,  the  patient  was  icteric.  A  soft  abdominal  ma.-> 
was  again  noted  in  the  right  upper  quadrant,  extending  to  the  level  of  the  um- 
bilicus. Laboratory  data  was  consistent  with  obstructive  jaundice.  At  surgery,  it 
was  .seen  that  the  major  cyst  previously  excised  had  recurred.  It  filled  the  riglit 
subhepatic  space,  again  com])ressing  the  porta  hepatis,  occupying  the  contiguoti.- 
right  lobe  of  the  liver  and  most  of  the  left  lobe.  The  sui)erior  wall  of  the  exti  a- 
hepatic  ducts  was  intimately  attached  to  the  inferior  cyst  wall  and  cotild  not 
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he  (listintiiiislu'd  from  the  latter.  Inasmuch  as  comi)!!'!!'  excision  could  not  he 
(lone,  and  i-ecurrence  after  suhtotal  excision  likely,  a  Houx-en-y  cystenteiostomy 
was  iHTformecl.  In  addition  a  T-Tuhe  was  insei'ted  into  the  common  duct. 

A  liver  iiiopsv  showed  focal  fatty  infiltration  and  moderate  l)ile  stasis.  .\ 
sul)se(|uent  'I'-'i'uhe  cliolan^ioiirani  i-e\-ealed  a  slioil  noi'inal  cystic  duct  stump. 


Fig.  2.  T-Tube  cholangiogram  demonsi rat iiiii  cxt liiisic  inc-smv  i>v  lulc  iluri>  |}\-  n  .-iduuin 
of  anastomosed  recurrent  cyst  occ'iipyinii  iiu-dial  njiln  and  iiio.-t  dl'  Id'i  lulx  s  (it  In  cr 
(arrows). 


The  main  hepatic  radicles  appeared  separated.  There  was  extrinsic  pi'essure 
on  the  right  hepatic  duct  just  i)roximal  to  its  junction  with  the  ](d't.  The  left 
duct  was  straightcau'd  and  its  otitei-most  trihutary  curved  downwards.  The 
branches  of  the  I'ight  hepatic  I'adifdes  near  the  exti'insic  pressure  defect  ap- 
peared to  surrotmd  a  mass.  These  findings  coincidt-d  with  the  operati\-e  lindings 
and  su<i:,m'st<Ml  the  residuum  of  the  post  anastomotic  cyst  (Fig.  2). 

Since  di.-charge.  the  patient  has  l)een  asymptomatic,  the  last  follow-uj)  l^eing 
Decenilx-r,  1963,  eight  years  after  the  onset  of  lier  first  symptoms. 
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Com  ment 

This  case  is  unusual  in  that  sufficient  i)ressure  was  i)ro(kiced  by  the  majoi- 
cyst  overlying  the  porta  hepatis  to  cause  obstructive  jaunrlice.  In  addition,  to 
solve  the  problem  of  recurrence  of  the  bile  duct  cyst  after  subtotal  excision,  an 
anastomosis  of  the  cyst  to  the  jejunum  was  employed  to  achieve  permanent 
decompression. 

CASE  2 

L.K.  (M.S.H.  ?^ 232292 1,  an  80  year  old  white  male,  entered  The  Mount 
Sinai  Hospital  in  October  of  1963  with  the  sudden  onset  of  right  upper  quadrant 
abdominal  pain  five  hours  prior  to  admission.  The  ])ain  became  more  general- 
ized and  was  accompanied  by  a  single  episode  of  vomiting  and  ])rogressive 
dyspnea.  Xo  prior  abdominal  or  gastrointestinal  symjrtoms  were  noted.  During 
the  year  prior  to  admission  there  had  been  increasing  al)dominal  girth. 

Physical  examination  revealed  a  heavy-.set.  elderly  male  appearing  dyspneic. 
dehydrated,  and  acutely  ill.  Dullness  with  diminished  breatli  sounds  were  heard 
at  both  lung  ba.>^es.  The  abdomen  was  protrubcant,  and  diffu.'^ely  tender,  mo>\ 
marked  in  the  right  mid-abdomen.  There  was  generalized  rebound  tendernes- 
A  .smooth  mass  extending  to  the  level  of  the  jielvic  brim  was  i)alpable  on  t!u 
right  side  of  the  abdomen.  Xo  stigmata  of  liver  disea.se  were  a])parent. 

Initial  laboratory  tests  disclosed  normal  values  for  hematocrit,  blood  count 
and  differential,  urinalysis,  blood  urea  nitrogen,  sugar,  .serum  electrolytes  and 
liver  function  studies.  Chest  x-ray  showed  an  elevated  right  diajjhragm.  Films 
of  the  abdomen  demonstrated  a  right-sided  mass  which  disi)laced  the  small  and 
large  bowel  downward  and  to  the  left. 

After  six  hours  of  observation,  the  abdominal  findings  persi.sted  and  the  pa- 
tient was  explored  through  a  right  paramedian  incision.  The  peritoneal  cavit> 
contained  a  liter  of  brownish  colored  fluid.  Serosa!  reaction  to  this  fluid  w;t> 
minimal.  Three  large,  thick-walled  cy.stic  masses  originated  from  the  ]iv(  i 
surface.  At  several  areas  the  cyst  walls  were  adherent  to  the  omentum.  Lar<i( 
dilated  veins  traversed  these  areas  covering  the  cyst.  One  cyst  arising  from 
the  left  lobe  of  the  liver  measured  about  35  cm  in  diameter.  The  cy.st  so  com- 
pres.serl  the  surrounding  left  lobe  of  the  liver  that  only  a  thin  rim  of  this  lol/i 
could  be  identified.  A  seconri  cyst  measuring  about  20  cm  in  diameter  wa- 
situated  just  to  the  right  of  the  falciform  ligament  and  was  intimately  connectcil 
with  the  lower  anterior  convex  surface  of  the  liver.  A  third  cyst  occupied  tli( 
remainder  of  the  right  upper  abdominal  cavity.  A  2  cm  perforation  was  located 
over  the  anterior  aspect  of  the  latter  cyst.  Leakage  of  dark  greenish-brown 
material  appeared  through  this  opening  and  fresh  l)lood  oozed  slowly  from 
the  torn  edges  of  the  perforation.  The  bulk  of  normal  liver  tis.sue  was  displaced 
high  under  the  diaphragm  and  po.steriorly.  The  cysts  from  left  to  right  con- 
tained 1800.  320,  and  400  cc  of  fluid.  Following  decompression  of  straw  colored 
fluid  from  the  cysts  by  trocar  aspiration,  numerous  smaller  cysts  could  be  seen 
projecting  from  the  undersurface  of  the  liver  (Fig.  3 » . 

A  small  segment  of  each  major  cyst  was  excised  and  the  interiors  explored.  TIk 
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cysts  were  filled  with  yellowish-brown  turbid  Huid.  They  were  lined  by  a  smooth 
membrane  with  occasional  loculations.  A  large  soft  rubber  Bartlex  tube  was 
inserted  into  each  of  the  cyst  cavities.  The  cut  edges  were  over-sewn  and  the 


Fig.  3.  Ca.«e  2 — Diagram  of  operati\e  finding.s  domoiir^t rating  location  of  major  giant 
cj-sts  (I,  II  and  III)  and  \  olume  of  fluid  evafuatpd  from  oach.  Cyst  I  show.s  point  of  rup- 
ture with  leakage  of  fluid  content. 

tubes  secured  in  place.  A  total  of  three  tubes  was  used,  each  being  brought  out 
through  the  abdominal  wall  through  a  separate  stab  wound. 

The  fluid  aspirated  from  each  cyst  revealed  a  total  i)rotein  ranging  from  0.2- 
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4.1  mg  per  cent;  albumin  0.4^2.2  nig  per  cent;  globulin  0.4-1.9  mg  per  cent: 
amylas^e  12-22  units;  calcium  4.4^7.2  mEq  L;  and  cholesterol  20-75  mg  per  cent. 
Because  of  evidence  of  chronic  pulmonary  disease  and  poor  ventilatory  ex- 
change, a  prophylactic  tracheostomy  was  performed. 

On  the  fourth  post-opei  ativc  day  while  the  tracheostomy  was  hciim  suctioned, 
the  patient  eviscerated.  The  evisceration  was  repaiicd  hy  lour  No.  .")  silk  through 
retention  sutures.  The  remainder  of  the  i)atient's  hospital  course  was  mu'vent- 
ful.  Additional  studies  jirior  to  discharge  revealed  a  cystic  lesion  of  tlu'  light 
renal  kidn(>y.  This  association  has  been  jireviously  reported  (1  I. 

Coiiinx  nt 

The  cystic  fluid  found  in  previous  reports  contained  hemic  elements,  variable 
protein  contents  and  small  amounts  of  biU'  pigments  (2.  8i,  as  did  the  ca.se  re- 
po.ted  above.  Microscopic  examination  of  x'liiiu  nts  of  the  cyst  wall  showed 
a  cuboidal  to  colunmar  epithelial  lining  with  tibrosis  and  occasional  glandular 
elements  consistent  with  bile  duct  cy.st. 

Discrssiox 

Polycy.stic  disease  of  the  liver  has  been  noted  at  all  ages,  freciuently  ])iesenting 
itself  after  the  fourth  decade.  ]\lost  of  the  cysts  remain  clinically  undetected 
and  cause  little  or  no  discomfort  (ll.  The  more  common  symptoms  of  poly- 
cystic liver  disease  are  the  direct  result  of  i)ressure  on  adjacent  viscera  produced 
as  the  cysts  enlarge.  In  such  cases,  a  mass  or  fullness,  abdominal  pain,  and  non- 
specific digestive  complaints  are  fre(iuent  findings.  In  a  recent  series  of  29  cases. 
12  (41  per  cent)  of  the  cases  c()iii|)lained  of  a  gradually  enlarging  mass;  10  i34 
per  cent  I  of  pain;  4  (14  per  cent  i  of  indigestion ;  and  2  (7])ercentl  of  dys|)nea 
( 5 1 . 

.laundice  is  a  rare  complication  of  iiiulticystic  disease  of  the  Vn-vv  Ix'cause 
growth  is  .so  slow  that  adjustment  to  the  increasing  pressure  is  the  rule.  Aut()i)sy 
findings  have  suggested  that  the  jaundice  may  result  not  only  fioiii  ])ressure 
on  the  common  duct  and  hejiatic  radicles  (5,  6)  but  from  disruption  of  normal 
hepatic  architecture  by  cyst  formation  (o).  In  Case  1,  the  T-Tube  cholangiogi  ain 
confirmed  the  extrinsic  pressure  and  distortion  of  the  biliary  tree  produce(l  by  tin 
i)ile  duct  cyst.  However,  the  jaundice  was  due  to  ])ressure  on  the  extrahepatic  bil( 
ducts.  In  this  case,  the  superior  wall  of  the  hepatic  ducts  and  the  contiguous  pai  t 
of  the  inferior  cyst  wall  seemeil  to  l)e  a  common  structure.  As  mentioned  before, 
.such  cysts  are  considered  to  arise  from  faulty  fusion  of  iin'olution  of  ductal 
elements  or  accessory  l)ile  ducts  (1.  7).  ^^'llile  this  has  had  reference  to  a 
process  involving  the  intrahepatic  bile  ducts,  thought  should  i)e  gixcii  to  the 
pos.sibility  of  origin  from  the  extrahepatic  bile  ducts  as  well,  as  a  type  of  re- 
duplication. 

Spontaneous  ruptiu'c  of  nonparasitic  cysts  is  rare;  only  five  cases  have  been 
mentioned  in  the  literature  (8-11).  All  pre.sented  with  an  acute  surgical  ab- 
domen. One  died  in  the  immediate  post-operative  period  (10). 

Laboratory  findings  in  60-70  i)er  cent  of  the  cases  of  polycystic  liver  disease 
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rc\'('al  noiiiial  hepatic  function  Hocntiicnouiranis  may  dcnionst I'atc  the 

lircscnci'  of  a  space  oct  upying  mass  in  tlie  upi)er  al)(l()inen  with  disphicenient  of 
the  stomach  oi-  colon  oi-  elevation  of  the  diaphragm. 

The  life  expectancy  of  patients  with  polycystic  disease  of  the  !i\-ei'  is  affected 
oidy  in  these  rare  ca^os  of  progressix'c  hiliary  ciirlio.-is  oi'  spontaneous  hemoi'- 
rhage  and  jK'rforation.  Thus  in  most  instances,  polycystic  disease  of  th.e  liver  by 
itself  does  not  aj)preciably  affect  the  health  of  the  patimi  uidess  associated 
with  cystic  disease  of  the  kidney.  The  latter  association  i>  picseiit  in  about  50 
per  cent  of  the  ca>r^  of  polycystic  li\-er  disease. 

Tlie  treatment  of  multiple  li\-er  cysts  is  usually  not  >urgical  if  symptoms  are 
minimal.  Surgei-y  is  not  cui-ati\'e  since  rai'ely  is  the  di-c;i>e  limited  to  a  tech- 
nically resectable  portion  of  liver  (4).  Thei'e  ai'e  >c\cral  accejUable  surgical 
ap])rouches.  These  inchuK'  simpk'  aspiralion;  i-xteinal  diaiiiage;  mai->upializa- 
tion;  subtotal  excision;  and  cvstentei()>tomy.  ( 'y>tcntei(>:-l()my,  connuonly  used 
for  pancreatic  cyst,  has  only  I'ai'ely  been  employed  in  the  treatment  of  hepatic 
cyst. 

Recuri'ence  following  surgical  numagement  can  occur,  as  illustrated  by  Case  1. 

SUMMARY 

1.  Two  oases  of  i)olycystic  diseas(>  of  the  liver  complicated  by  ol)sti'uctive 
jaundice  and  sjjontaneous  rui)tur(>  and  hemoi-rhage  ai'e  i)icsente(l. 

2.  The  case  of  ()bstiucti\'e  jaundice  was  lemporai'ily  leliex'ed  by  subtotal 
excision  of  the  cyst  only  to  recur  five  yeai-s  latei-.  Ivoux-en-y  cystenterostomy 
as  a  secondai'y  pi-oce(lure  has  apparently  afforded  long  tciiii  lelief. 

3.  The  case  of  spontaneous  I'upture  of  a  lai'ge  hepatic  cyst  was  successfully 
treated  l)y  external  tube  drainage. 
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Abdominal  Pain  in  an  Elderly  Man 

Editeil  by 
FRAXKLIX  M.  KLIOX.  M.D. 

Xiu-  York.  x.  y. 

An  82  year  old  white  male  was  admitted  to  The  Mount  Sinai  Hospital  he- 
cause  of  ahdominal  pain  for  7  days.  The  pain  began  in  the  right  upper  quadrant, 
shifted  to  the  left  and  then  settled  in  the  left  lower  quadrant  where  it  continucil 
until  admission.  The  pain  was  associated  with  a  fever  of  101°,  anorexia,  urinary 
incontinence  and  occasional  dysuria.  There  was  no  history  of  vomiting,  change 
in  bowel  habits,  melena.  hematuria,  or  weight  loss.  The  patient  was  a  known 
diabetic  for  20  years,  controlled  with  40  units  XPH  insulin  daily.  During  the 
year  prior  to  admission,  he  had  devcloi:)ed  gangrenous  lesions  on  both  lower 
extremities  which  had  been  treated  medically  with  satisfactory  results.  He  had 
had  chronic  constipation  for  many  years,  and  for  the  j^ast  1  to  2  years  had  been 
unable  to  walk  because  of  weakness  and  gangrenous  lesions  of  the  lower  ex- 
tremities. A  member  of  his  immediate  family  was  diabetic. 

The  blood  pressure  was  168  68,  the  pulse  80  i)er  min  with  occasional  i)remature 
contractions,  the  res])irations  14  per  min,  and  the  temperature  101  °F.  He  ap- 
peared well  developed,  but  chronically  ill.  He  was  confused  and  poorly  orientcfl. 
complained  of  ])ain  in  the  abdomen.  There  were  gangrenous  lesions  on  both 
feet.  Xo  lymph  nodes  were  palpable.  Bilateral  cataracts  and  Grade  II-HI 
diabetic  retinopathy  were  i)resent.  He  was  edentulous  and  the  neck  was  supple. 
Auscultation  of  the  lungs  revealed  a  few  diffuse  rhonchi  Inlaterally,  and  inspira- 
tory rales  at  the  right  lung  base  which  cleared  with  coughing. 

The  heart  rhythm  was  regular  except  for  an  occasional  dropi)ed  Ix-at.  Ao  ^vas 
greater  than  P:. ,  and  a  grade  III  harsh  systolic  ejection  type  murnmr  was  heard 
at  the  apex  and  along  the  left  .sternal  border  and  at  the  aortic  area.  The  abdomen 
was  soft  and  there  was  no  rebound  tenderness.  Increased  bowel  sounds  were 
heard  and  there  was  tenderness  to  pali)ation  over  the  entire  abdomen.  A  4  x  6  cm 
mass  which  was  very  tender,  regular  and  firm,  was  felt  deep  in  the  left  lower 
cjuadrant  adjacent  to  the  midline.  The  liver  and  spleen  were  not  felt.  There  was 
neither  costovertebral  angle  tenderness  nor  edema.  Rectal  examination  revealed 
an  enlarged  prostate.  Dorsalis  pedis  and  |)osterior  tiliial  pulses  were  absent 
bilaterally  anfl  ankle  and  i)atellar  reflexes  could  not  be  elicited. 

The  urine  contained  moderate  protein,  but  no  acetone  nor  gluco-'^e.  The  m  inary 
.sediment  had  occasional  red  blood  cells  and  1-2  white  blood  cells  per  high  j)ower 
field.  The  hemoglobulin  was  10.6  G%,  the  white  blood  cell  count  20,000/mm^ 
with  789f  segmented  cells.  13'^^  band  forms,  iSv  lymphocytes,  and  8'y  monocytes. 
The  sedimentation  rate  was  1 15  min  per  hour.  The  blood  glucose  was  116  mg'  f . 

From  tho  Dopartnifnt  <>{  Pathology,  Tli<  Mount  Sinai  Ho.^pital.  Xcw  York,  X'.  Y, 
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the  l)l()()(l  uiva  nitroj-cn  24  n\g' '< .  the  ;<('nini  sodium  127  uilvi  L,  potassium 
3.3mE(i/L,  CO:;  27.4  mE(i/L,  and  cliloride  90  niKci,  L.  The  total  scium  choles- 
terol was  190  mg9r.  Stool  guaiac  examinations  were  3+  and  0  on  two  occasions. 
The  blood  and  urine  weiv  sterile.  The  chest  x-ray  was  noi  inal.  Abdominal  x-i  ays 
showed  distention  of  the  small  l)owel  and  a  modci  alc  amount  of  gas  in  the  large 
bowel  and  stomach.  No  definite  mass  was  idcntitic(l.  An  inti-avenous  ])yel()grani 
was  normal  except  for  an  enlarged  i)rostate  as  was  the  baiiuni  enema. 

Electrocardiogram  showed  a  normal  sinus  ihytluu  with  trc(|ucnt  atrial  pie- 
maturc  systoles.  The  P  wave  was  wide  and  notched,  a  small  r  and  deep  S  was 
])resent  in  Vi  .  There  was  a  Q  wave  in  ^^.  .  ."-^T  segment  depression  in  \',-\',;  ,  and 
T  waves  of  low  voltage  in  leads  1  and  AVL. 

In  the  hospital,  his  tem|)eiatui'e  fluctuated  between  99°  and  102°.  His  at>- 
dominal  pain  grailually  decreased  and  the  left  lower  (|uadrant  mass  was  no 
longer  felt.  However,  his  condition  deteriorated  and  he  became  semistuporous, 
requiring  tube  feeding.  On  the  thirty-fourth  hospital  day  dilTuse  liionchi  were 
noted.  He  became  cyanotic  and  miresponsiw,  and  died  on  the  forty-first  hospital 
day. 

Dr.  E.  Mdrvin  Sokol:'''  We  are  dealing  with  an  82  year  ohl  diabetic  man  who 
came  to  the  hosjjital  after  a  week's  history  of  abdominal  pain.  The  pain  was  in- 
teresting in  that  it  began  in  the  right  upjier  (juadrant,  migrate(l  to  the  left  and 
finally  settled  in  the  left  lower  (juadrant.  This  suggests  a  gastrointestinal  dis- 
order. We  are  not  told,  however,  whether  the  pain  was  interimttent  or  colicky 
in  nature.  It  was  accompanied  by  fe\-er  and  the  patient  was  anorectic. 

Attention  is  also  directe(l  to  the  genitourinary  system  because  of  incontinence 
and  dysuria.  The  ])atient  had  a  large  |)rostate,  but  his  urine  culture  and  intra- 
venous pyelograni  were  imremai-kable. 

The  most  important  featvires  of  the  physical  examination  were  limited  to 
the  abdomen.  There  were  difi'use  abdominal  tenderness  and  hyperacti\-e  bowel 
sounds.  Located  in  the  left  lower  ([uadrant  was  a  mass,  which  was  four  by  six 
centimeters  in  size  and  located  near  the  mi(lin(>.  It  was  regular  and  firm,  but 
no  mention  is  made  of  a  bruit  or  if  it  was  movable.  This  mass  subseciuently 
disappeared. 

The  other  im])ortant  ])hysical  findings  involve  the  cardiovascular  system. 
There  was  no  evidence  of  congestive  failure,  but  the  jjatient  did  have  a  systolic 
murmur,  which  was  e.iection  in  type  and  heard  along  the  left  steiiial  boi'dei', 
the  apex  and  the  aortic  area.  I  l)elie\-e  the  murmur  was  that  of  calcific  aoitic 
stenosis. 

The  laboratory  examinations  were  helpftd  in  some  respects.  A  white  count  of 
20,000  with  a  shift  to  the  left,  and  an  elevated  >edimentati(>n  rate  >tiggest  an 
inflammatory  process.  The  patient  was  slightly  anemic,  but  we  lia\-e  no  reason 
to  suspect  that  there  was  significant  active  gastrointestinal  bleecling  since  one 
stool  examination  was  guaiac  negati\-e.  The  blood  urea  nitrogen  was  modestly 
elevated,  and  the  serum  sodium  and  chloride  concentrations  were  depressed. 

*  Resident  in  Gastroenterology,  The  Mount  Sinai  Hospital,  Now  Yi)il<,  X.  V. 
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In  the  al)sonce  of  t'llcnia.  I  do  not  think  this  was  dilutional  l)ut  rather  s('(|iR'sti  a- 
tion  within  the  peritoneal  cavity  or  the  intestinal  tract.  I  have  asked  Dr.  dold- 
nian  of  the  Dei)artnient  of  Radiology  to  review  the  x-ray  findings. 

Dr.  Richard  Goldman:*  The  admission  chest  film  showed  no  evidence  of 
active  pathology  in  cither  lung.  Unfortunately,  the  i)atient  was  rotated  and  it 
was  difficult  to  evaluate  the  heart  size  hut  there  was  a  slight  elevation  of  the 
right  diaphragm. 

An  intravenovis  urogi-aui  done  four  days  following  admission  showed  no  evi- 
dence of  pathology  of  eithei'  collecting  system.  There  was  a  smoothly  nodulateil 


Vui.  1.  Scout  film  of  al^domen  showing  moderate  dilatation  of  loops  of  the  small  bowel. 
Fic.  2.  Oblique  film  of  the  abdomen.  Arrow  indicates  mottled  collection  of  ga.s. 


mass  markedly  elevating  the  base  of  the  bladder,  consistent  with  an  enlarged 
prostate  gland. 

A  barium  enema  examination  done  nine  days  following  admission  >li()we(l  no 
evidence  of  intrinsic  colonic  pathology.  The  initial  scout  film  of  the  abdomen 
showefl  moderate  flilatation  of  .some  loops  of  small  bowel.  There  was  air  and 
fecal  material  seen  throughout  the  colon,  which  was  not  dilated.  Air  was  ])resent 
in  the  rectum.  Seciuential  films  taken  in  the  first  week  of  hospitalization  showed 
greater  dilatation  of  loops  of  small  bowel  (Fig.  1 1,  and  dilatation  of  the  small 
bowel  was  also  seen  on  the  l)arium  enema  examination.  This  pattein  would 
suggest  an  adynamic  ileus.  Because  of  the  dilatation  of  the  >mall  bowel  ami 
relative  absence  of  air  in  the  colon,  an  obstiiiction  cannot  be  entirely  excluded. 
Perha|)s  of  greater  significance  is  a  peculiar  mottled  collection  of  gas  located 
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anteriorly  in  thr  left  lower  (luadraiit  and  present  on  every  film  (Fiji;.  2).  Tiiis 
could  rcpretiont  an  abscess,  necrotic  tunioi-  mass,  or  an  acute  infai'ction  of  the 
small  bowel. 

Dr.  Sokol:  Is  there  any  evidence  of  air  in  the  hiliai-y  tree  oi-  calcifications  of 
the  mesenteric  vessels  or  in  the  heart'.' 

Dr.  Goldman:  There  is  no  evidence  of  air  in  the  hiliai'y  tree;  some  linear 
calcifications  were  noted  in  the  region  of  the  hypoj^astric  vessels.  1  did  not  see 
any  calcification  within  the  abdomen  or  heart  shadow,  nor  did  I  see  evidence  of 
a  foreign  body. 

Dr.  Sokol:  We  can  .summarize  the  positive  x-i-ay  findings  by  stating  that  thei'(> 
appeared  to  be  a  paralytic  ileus  or  an  incomplete  obstruction.  I  fa\'or  incomplete 
obstruction  because  there  were  hyperacti\-e  bowel  sounds.  The  x-rays  ai'e  not 
consistent  with  a  volvulus  or  an  internal  hernia  as  a  cause. 

The  most  im])ortant  x-ray  finding  is  the  abscess-like  c;ivity  in  the  k'ft  lower 
(juadrant.  I  think  that  this  i'e|)iv<ent>  a  ^aiigi'enous  or  perfoi'atecl  small  l)owel 
segment,  .secondary  to  vascuhii-  i-ompioiiiise,  and  could  result  from  either  jiri- 
uuiry  vascular  occlusion  or  a  st  i'aiiguhite(l  loop. 

Another  condition  that  has  to  be  consideix-d  is  a  foreign  body.  An  elderly, 
confused  man  could  have  easily  swallowed  a  tish  bone  which  could  have  per- 
forated the  small  bowel.  Necrosis  of  a  small  bowel  tumor  has  been  mentioned. 
A  perforated  viscus,  such  as  an  appendix,  or  a  duodenal  ulcei-  can  also  result  in 
an  intra-abdominal  abscess.  However,  I  do  not  think  that  it  would  localize  in 
the  left  lower  quadrant.  Diverticulitis  of  the  colon  has  been  rule(l  out  by  the 
barium  enema. 

The  electrocardiogram  showed  evidence  of  an  old  anterior  myocardial  infarc- 
tion. I  believe  this  was  due  to  arteriosclerosis  since  we  have  additional  e^•idence 
of  peripheral  vascular  in.sufficiency.  An  interesting  finding  is  the  widening  and 
notching  of  the  P  waves.  These  are  usmdly  se(>n  in  mitral  valve  ilisease,  how- 
ever, the  murmur  was  not  typical.  I  think  this  patient's  P-wave  changes  were 
secondary  to  fibrosis  of  the  atrium  with  delay  in  depolarization.  This  P-wave 
change  has  also  l)een  described  in  atrial  tumoi's,  such  as  a  large  atiial  myxoma. 

Because  of  his  semistuporous  condition,  nutrition  was  inade(iuate  and  tube 
feeding  was  required.  Under  these  circumstances  aspiration  ])ne\mH)nia  is  com- 
mon. 

I  shall  confine  the  remainder  of  my  discussion  to  the  abnormality  in  the  left 
lower  cjuadrant.  I  think  intrinsic  colonic  or  genitourinary  jiathology  has  be(>n 
ruled  out.  For  this  to  be  an  aneurysm  of  a  large  abdominal  vessel,  I  would  have 
to  i)ostulate  that  it  I'uptureil  since  the  mass  disappeared.  If  it  had  ruptui-ed, 
the  patient  certainly  would  have  had  a  mas>i\-e  intrajteritoneal  hemorrhage. 
Therefore,  I  think  tlu'  small  bowel  was  the  pi-iiuaiy  site  of  pathology.  I  asked 
Dr.  (loldman  specifically  about  aii'  in  the  biliary  tice  l)ecause  when  I  read  the 
protocol  for  the  first  time,  the  migration  of  the  pain.  l)eginning  in  the  right 
upi)er  quadrant  and  localizing  in  the  left  lowei-  (|uadrant.  certainly  suggested 
a  gallstone  ileus.  However,  there  was  no  air  in  the  l>iliaiy  tree. 

Intussusception  and  vascular  occlusion  of  the  small  bowel  could  account  for 
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ob.^triK'tion,  abdoiiiinal  pain,  a  mass,  fever,  leukocytosis,  and  finally  jKM-foration. 
Intussusception  is  a  disease  of  the  young,  even  though  it  has  been  rei)orted  in 
older  iieople.  The  symptoms  are  usually  described  as  paroxysmal  and  crampy 
pain,  vomiting  and  the  passage  of  blootly  mucous.  None  of  these  findings  were 
described  in  the  present  patient.  In  this  case  the  picscucc  of  an  abdominal  mass 
which  disajipeared  suggested  a  diagnosis  of  intussuscei)tion,  since  a  tumor  is 
palpated  in  30  to  60  i)er  cent  of  adults.  An  x-ray  of  the  small  bowel  frecjucntly 
demonstrates  the  lesion,  and  occasionally  the  intussusceptum  can  be  seen  as  a 
mass  within  an  air  fluid  cavity  on  routine  abdominal  films.  I  would  have  to 
postulate  an  cnteroenteric  intussusception  since  the  barium  examination  was 
normal  even  though  enteric  intussusceptions  are  much  less  common  than  the 
ileocolic  or  colocolic  types.  In  adults,  intussusceptions  are  secondary  to  some 
other  small  bowel  pathology  in  almost  90  per  cent  of  the  cases.  Although  benign 
tumors  such  as  adenomas,  lipomas,  fibromas,  and  myomas  are  a  fretiuent  cause, 
it  can  also  be  produced  by  carcinoma,  lymphoma,  or  melanoma.  ^Meckel's  di- 
verticula also  account  for  a  significant  number  both  in  adults  and  children. 

Mesenteric  vascular  occlusions  usually  result  in  intestinal  infarction  but 
there  may  be  infarction  without  an  organic  occlusion.  The  extent  of  a  mesenteric 
infarction  depends  on  the  area  of  occlusion,  the  occluded  vessel  and  the  ])atcncy 
of  the  collateral  vasculature.  Infarctions  of  the  small  bowel  both  venous  and 
arterial  are  almost  always  hemorrhagic  in  nature.  This  is  easily  explained  in 
venous  occlusions  since  there  is  a  huge  backing  up  of  blood  resulting  in  an  en- 
gorged fluid  filled  loop  of  intestine.  In  arterial  occlusions  it  is  felt  that  the  blood 
ingresses  via  retrograde  venous  flow.  Sepsis,  trauma  and  hypercoaguable  states 
such  as  polycythemia  vera  are  known  predisposing  causes.  None  of  these  were 
present  in  this  case.  Distention  of  the  intestinal  ti  act  may  also  lead  to  venous 
and  eventually  arterial  occlusion.  In  addition,  venous  compression,  particularly 
by  tumor;  or  a  portal  vein  thrombosis  may  lead  to  mesenteric  thrombosis. 
Finally,  thromboangiitis  oi)literans  involving  the  atxlominal  vessels  can  produce 
both  arterial  and  venous  occlusions. 

Arterial  occlusions  account  for  the  majority  of  mesenteric  infarctions,  but 
differentiation  between  arterial  and  venous  may  be  difficult.  Venous  occlusions 
usually  have  a  more  insidious  onset  and  are  accompanied  by  more  profuse  in- 
testinal bleeding  than  occurred  in  the  present  case.  The  three  main  nutrient 
vessels  which  arise  from  the  abdominal  aorta  are  the  superior  mesenteric,  the 
inferior  mesenteric  and  the  celiac  arteries.  The  superior  mesenteric  artery  is 
usually  occluded,  both  by  thrombosis  and  embolization,  because  of  its  peculiai- 
anatomic  location.  The  usual  cause  of  thrombosis  of  this  vessel  is  arteriosclerosis, 
and  this  patient  had  evidence  of  diffuse  arteriosclerotic  involvement  including 
the  |)eri])heral  ancl  coronary  vessels.  However,  in  most  cases  of  superior  mesen- 
teric thrombosis,  secondary  to  arteriosclerosis,  there  is  usually  a  prior  history 
of  gastrointestinal  symptoms.  Classically,  this  is  intestinal  angina  and  occurs 
when  other  vessels  of  the  mesentery  are  affected.  A  much  less  conunon  cause  for 
thrombosis  is  spasm,  secondary  to  shock  or  congestive  heart  failure.  A  dissecting 
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or  local  arteriosclerotic  aneurysm  may  occlude  an  orifice  of  a  mesenteric  ve  sel 
and  result  in  thrombosis. 

No  clinical  pathological  conference  is  complete  without  mentioning  |)ei'i- 
arteritis  nodosa  and  lui)us  erythematosus,  since  both  can  give  small  ai'eas  of 
mesenteric  infarction,  '\^'e  have  no  evidence  of  such  a  systemic  illness  in  this 
case. 

The  last  category  of  arterio-mesenteric  \ascular  occlusions  is  a  I'esult  of 
embolization — most  commonly  fi'om  a  \-entriculai'  thrombus  secondaiy  to  ai'- 
tei'iosclerotic  heart  disease  and  uiyocardial  mfarction.  Bactei'ial  thrombi  or  an 
aortic  atheroma  may  also  emboHze  to  a  mesenteric  vessel.  I^astly,  I  ha\'e  to  con- 
sider atrial  myxoma  although  it  is  very  rare. 

In  a  case  rei)ort  which  appeared  in  the  British  Heart  JoiU'nal,"  an  elderly 
diabetic  woman  was  described  who  presented  with  a  massive  mesentei'ic  oc- 
clusion having  emliolized  from  an  atrial  myxoma.  It  was  also  interesting  to  me 
that  her  electrocardiogram  was  almost  identical  to  the  pi-esent  case. 

In  sunnnary,  I  think  the  patient  suffered  from  an  mfarction  of  a  portion  of 
the  small  l)owel.  This  infarction  resulted  from  an  occlusion  of  an  already  compro- 
mised suiierior  mesenteric  artery  or  major  tributary.  The  embolus  came  from 
the  left  side  of  the  heart,  and  the  patient's  demise  was  hastened  by  an  aspiration 
|)neumonia.  I  believe  the  patient  also  had  dial)etes,  cerebi-al,  coi'onaiy,  and 
peripheral  arteriosclerosis. 

Dr.  Stern. -f  At  autopsy  there  was  100  ml  of  yellow  fluid  in  the  right  pleural 
cavity.  The  right  lung  weighed  680  g  and  the  left  lung  weighed  480  g  (the  upper 
limit  of  normal  about  400  g).  The  lung  parenchyma  was  hypo-aerated,  and 
there  were  i)atchcs  of  grayish  consolidation  scattered  throughout  both  lungs, 
^licroscopically,  the  alveoli  were  filled  with  polymorjihonuclear  leukocytes, 
as  well  as  vegetable  and  meat  fibers  surrounded  l)y  foreign  body  giant  cells. 
Since  a  well  developed  foreign  body  giant  cell  reaction  was  present,  the  process 
must  have  been  i)resent  for  several  days  prior  to  his  demise. 

The  serous  membranes  of  the  abdomen  were  clear  and  transparent,  exce])t  for 
an  area  in  the  left  lower  quadrant  where  fibrinous  and  fibrous  adhesions  plastei'ed 
a  small  segment  of  small  bowel  to  the  peritoneum  of  the  anterior  abdominal 
wall.  On  opening  the  bowel,  a  sharjily  demarcated  lesion  was  found.  The  mu- 
cosa was  absent  over  this  area  and  the  bowel  wall  was  thin  and  friable  (Fig.  3). 
Microscoi)ically,  muscle  fibers  were  absent  in  the  involved  portion  of  bowel  and 
the  wall  of  the  bowel  was  comiiosed  of  connective  tissue  and  inflammatory  cells 
(Fig.  4).  This  lesion  is  characteristic  of  infarction  of  the  small  intestine.  Over 
the  last  13  years,  we  have  had  three  other  similar  cases.  Their  history  and  the 
pathologic  findings  were  similar  to  this  case. 

Dr.  Oh  of  the  Department  of  Surgery  tied  off  distal  small  l)ranches  of  the 
.superior  mesenteric  artery  in  several  rats.  When  sacrificed  two  weeks  later  no 
changes  were  found  in  the  small  intestine.  Therefore  experimental  occlusion  of 
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a  l)raiu'l>  of  the  superior  nu'sciitrric  artc>ry  pioduccs  no  changes,  whereas  an 
occlusion  of  tlie  main  trunk  i)ro(hices  massive  necrosis.  I  believe  the  segmental 
infarction  in  our  casi-  is  the  icsult  of  an  acute  occlusion  of  a  branch  of  the  su- 
perior mesenteric  artery,  superimposed  upon  seveic  arterosclerosis  which  lim- 
ited the  anastomotic  arterial  supply. 

The  spleen  also  showed  a  large  infarct  and  suggested  that  both  lesions  re- 
sulted from  embolization.  The  splenic  infaict  was  old  ami  contained  acellular 
fibrous  tissue  showing  marked  calcium  incrustation  and  iron  ])igment. 

The  heart  weighed  300  (li'ams  and  attached  to  the  endocardium  of  the  left 
atrium  was  a  five  centimeter  long  soft.  rcMl.  gelatinous  mass.  Mici-oscopically, 
this  mass  had  many  finger-like  projections.  It  consisted  of  a  rathei-  pink  homoge- 
neous matrix  with  a  fairly  siuii  st-  cellular  population  con>i>ting  of  i-ound.  stellate 
and  some  multinucleated  cells.  In  some  areas,  there  was  an  endothelial-like 
covering.  Attached  was  a  thrombus.  At  its  jioint  of  attachment  to  the  endo- 
cardimn  there  was  ingrowth  of  new  vessels,  hemorrhages  and  abtmdant  iron 
pigment. 

Whether  all  ati'ial  myxomas  are  true  neoplasms  oi'  are  all  organize(l  thrombi 
is  as  yet  undecided.  Current  e\-idence  favors  a  tme  neojjlastic  origin.  The  elec- 
tron micro>copic  studies  have  not  demonstrated  collagen  fibers  in  ati'ial  myxo- 
mata,  wherca-  tlicy  are  always  pi'esent  in  oi'ganized  tlii'onibi.  In  addition,  cardiac 
myxomas  are  almost  always  in  the  ati-imn.  whereas  thrombi  are  usually  in  the 
ventricles.  Atrial  myxomas  also  contain  acid  mucojiolysaccharides,  which  are 
absent  in  organized  thrombi.  Acid  mucopolysaccharide  was  demonstrated  in 
the  present  case.  In  favor  of  a  thrombotic  origin  is  the  abundant  iron  pigment, 
the  ingrowth  of  blood  vessels  at  the  base,  and  the  art'as  of  fil)rin  deposition.  The 
present  case  showed  abundant  fibrin  deiiosition. 

Finally,  the  kidney  showed  the  cliaractei-istic  lesions  of  intercajiillary  nodular 
glomerulosclerosis  as  well  as  a  diffuse  thickening  of  the  basement  membranes 
consistent  with  diffuse  glomerulosclerosis. 

FINAL  Di.\GXOsis:  1)  Segmental  infarction  of  small  intestine,  secondary  to 
thrombus  from:  2)  left  atrial  myxoma,  3)  generalized  atherosclerosis,  4)  diabetic 
glomerulosclerosis. 
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CASE  NO.  254 

This  infant  girl  was  l)oin  to  a  diabetic  mother  who  had  toxemia  in  the  last 
trimester  antl  was  delivered  by  Cesarean  section.  There  was  no  evidence  of 
respiratory  distress  after  the  delivery.  At  one  day  of  age,  the  baby  was  noted 
to  have  a  distended  abdomen  and  had  fre(]iu'nt  l)outs  of  vomiting  greenish  ma- 
terial. Xo  meconium  was  passed. 

Examination  revealed  an  acuti'ly  ill  baby  who  was  slightly  dehydrated.  The 
abdomen  was  distended  and  a  c[ucstionable,  slightly  tender  soft  mass  was  felt 
in  the  right  iipi^er  quadrant. 

Laboratory  examination  revealed  a  liemogloljin  of  14.6  Gm,  a  white  cell 
count  of  1  o.OOO  with  a  normal  differential,  and  a  liematoci  it  of  34  per  cent.  Blood 
electrolyte  studies  were  within  normal  limits. 

Radiogr:.;)hic  examination  of  the  abdomen  in  the  sui)ine  projection  revealed 
the  gas-filled  stomach  to  be  normal  in  size  and  position.  Considerably  distended 
loops  of  small  intestine  were  seen  in  the  left  side  of  the  abdomen.  Xo  gas-filled 
loops  of  intestine  were  noted  in  the  right  side  of  the  abdomen.  Tliere  were  no 
abnormal  calcifications  (Fig.  lA). 

Barium  enema  was  then  performed  which  revealed  a  normal  rectum  and 
recto-sigmoid.  The  colon  down  to  the  distal  sigmoid  was  markedly  nai  iowed  in 
a  generalized  fashion  as  seen  in  microcolon.  There  were  a  few  filling  defects  in 
the  descending  colon  and  sigmoid  which  aj^peared  to  represent  meconium  plugs. 
There  was  an  associated  malrotation  of  the  cecum  which  was  noted  to  be  in  the 
right  upper  quadrant.  The  distended  loops  of  small  intestine  were  again  seen  in 
the  left  upper  fjuadrant  (Fig.  IB  and  ICi. 

Laparotomy  was  then  performed,  at  which  time  an  ilea!  atresia  was  fotmd 
15  cms  proximal  to  the  ileo-cecal  valve.  The  small  bowel  was  grossly  distended 
proximal ly.  The  cecum  was  noted  to  be  in  the  right  upper  quadrant.  In  addition, 
there  was  a  volvulus  of  the  small  intestine  around  a  dense  fibrotic  band  extend- 
ing across  the  atresia  towarfls  the  gallbladder.  The  color  of  the  small  bowel  for  a 
distance  of  6  cms  [proximal  to  the  atresia  was  deeply  i)uri)le  and  ileemeil  non- 
viable. An  ileocolic  resection  was  ])erf()rmed  with  an  cnd-to-cnd  anastomosis. 
Thr  baby  had  an  uneventftd  recovery. 

DI.SCU.SSIOX 

In  jtaticnts  with  ileal  atresias,  .'^yinptoms  of  intestinal  olj.struction  occur  during 
the  first  day  of  life  and  are  always  progressive.  The  use  of  a  barium  enema,  as 
in  the  ca.se  presented,  is  helpful  in  ruling  out  colonic  abnormalities  and  other 
associated  congenital  anomalies.  Six  j^er  cent  of  small  bowel  atresias  have  co- 
existing congenital  malformations  of  the  gastro-intestinal  tract,  such  as  mal- 
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Case  254,  Fig.  lA.  Supine  examination  of  the  abdomen  reveals  a  normal  gas- 
filled  stomach.  Moderately  dilated  loops  of  small  intestine  are  noted  in  the  left  side 
of  the  abdomen.  There  is  an  absence  of  bowel  loops  on  the  right  side.  No  soft  tissue 
masses  or  calcifications  are  seen. 
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Case  254,  Fig.  IB.  Barium  enema  reveals  the  caliber  of  the  colon  down  to  the  sig- 
moid to  be  markedly  narrowed  as  seen  in  microcolon.  Within  the  sigmoid  and  de- 
scending colon,  there  ore  a  number  of  filling  defects  which  have  the  appearance  of 
meconium  plugs.  The  cecum  is  malrotated  and  presents  in  the  right  upper  quadrant. 
Dilated  loops  of  small  bowel  are  again  seen  in  the  left  upper  quadrant. 
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rotation  (1  I.  In  the  case  prcscntc*!,  the  barium  enema  demonsti-ated  the  mici'o- 
colon  typically  .^ei'U  in  small  bowel  atix'sia-s  and  a  few  l)lu<>;s  of  meconium  can 
be  delineated  within  the  descending  colon.  The  presence  of  the  nialrotation  was 


Case  254,  Fig.  IC.  In  the  lateral  projection,  no  further  abnormalities  are  noted. 

also  demonstrated  by  means  of  a  barium  enema,  althoui^h  this  was  suspected 
from  the  absence  of  intestinal  contents  in  the  right  side  of  the  ai)domen  on 
preliminary  films. 

Case  Report:  Ileal  atresl\  with  malrotatiox  axd  volvulus. 
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CASK  NO.  255 

A  72  year  old  female  \va.-<  admitted  to  the  ho.-^pital  beeau.-<e  of  ten  day.-;  of 
profuse  watery,  foul-smelling  diarrhea. 


Case  255,  Fig.  1.  Preliminary  film  prior  to  barium  enema  shows  a  long  thin  streak 
of  air  (arrow)  corresponding  to  the  sigmoid,  which  joins  more  normally  distended  bowel 
proximally  and  distally. 

'I'lie  ))atieiit  \va>  iio>|)italized  fifteen  month.<  previously  for  a  mild  li^ht  sided 
hernii)aresis.  A  prior  history  was  elicited  of  heart  disea.><e  for  35  years.  Auricula)- 
fibrillation  had  been  ))resent  on  one  occasion  which  reverted  to  regular  sinus 
rhythm  on  digitalis  therai)y.  Physical  examination  revealerl  regular  sinus 
rhythm,  cardiac  enlargement,  and  an  apical  pre.'jystolic  murmur.  The  j)atient 
also  complained  of  coldness  and  lethargy  of  long  rluration.  anfl  had  a  dry  skin, 
thick  speech,  coarse  voice  and  periorbital  edema.  Protein  bound  iodine  determi- 
nation was  3.5  iJLg%.  The  diagnoses  were  rheumatic  heart  disea.>^e,  myxedema,  and 
mild  cerebro-vascular  acciflent.  The  patient  was  treated  with  digitalis  and  thy- 
roid extract.  The  symptom.<of  myxedema  and  the  mild  l  ight  hemiparesis  rapidly 
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(lisa])p('aiT(l  and  she  was  dischai <j;('(l  to  a  mirsinii  lionic.  One  year  later,  tlic  i)a- 
ticnt  was  again  adniitti'd  with  a  i-ii^lit  hcinipai-csis.  this  time  severe.  Apliasia 
was  also  jjrc'scnt.  The  patient  rcco\-("i cd  at'tci-  a  stoi-ni\-  coin'sc  hnt  considci-ahlc 
nenrologic  deficit  remained.  She  was  a>2:ain  dischai',<i;ed  to  a  nursin<i  home.  Ten 
(lays  before  admission  the  patient  expei'ienced  a  sudden  episode  of  pi-ofound 


Case  255,  Fig.  2.  Barium  study  of  the  same  area  shows  marked  narrowing  of  the 
sigmoid  with  a  hazy,  irregular  surface  pattern.  The  serosal  contours  are  well-defined 
(base  of  upper  arrow  and  mid-portion  of  lower  arrow)  revealing  a  smoothly  thickened 
bowel  wall. 

shock.  This  was  accomjianied  by  alwiominal  ])ain,  distention,  fevei-  and  severe 
watery,  foul-smeIlin<i:  diari-hea.  She  was  ti'eatecl  \-io:ni-ous]y  for  shock  and  heavy 
antibiotic  co\-ei-aj2:e  was  include(l.  (  )n  the  day  of  admission  dark  timI  lilood  ap- 
peared in  the  .-tool,  ten  days  after  the  initial  episoile. 

Radiographic  studies  of  the  abdomen  in  multiple  projections  on  the  day  of 
admission  showed  colonic  distention  with  considei'able  gas  and  fecal  matter 
but  no  definite  pattern  of  obstruction.  Pvadiographic  study  of  the  chest  showed 
a  large  cardiac  silhouettt'  with  a  straight  left  contoui',  a  doui)le  density  seen 
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through  the  cardiac  sillioucttc,  and  some  puhnonary  con<2;estion.  Tlicre  were 
also  imeuinonic  infiltrations  in  the  right  lower  lung  field.  The  patient  ran  a 
febrile  course  and  heavy  antibiotic  coverage  was  continued.  Three  days  after 
admission,  a  barium  enema  was  jxTfornu'd. 

Preliminary  film  of  the  abdomen  |)rior  to  t)aiiuni  enema  examination  (f^ig.  1  I 
revealed  a  thin  straight  streak  of  air  in  the  expected  location  of  the  >igmoi(l 
colon  with  sharp  transition  i)roximally  and  distally  to  more  normally  (li>tende(l 


Case  255,  Fig.  3.  Repeat  barium  study  one  week  later  shows  a  more  distensible 
sigmoid  with  cobble-stoned  surface  pattern. 

bowel.  With  barium  filling,  a  partial  obstruction  was  reached  in  the  sigmoid 
region  (Fig.  2l.  Only  small  amounts  of  barium  passed  the  sigmoid  where  a  10 
em  long  narrowed  .segment  was  visualized  in  which  the  mucosa  was  hazy  anrl 
irregular  with  a  pattern  of  small  nodular  shadows  throughout.  The  serosal  con- 
tours of  the  sigmoid  were  discerned  revealing  a  smoothly  thickened  bowel  wall. 
No  diverticula  were  seen,  no  constricting  lesion  oi-  shouldei-ed  margins  weic 
demon.strated,  and  there  was  no  extravasation  of  l)ai  ium.  A  diagnosis  of  iidarc- 
tion  of  the  sigmoid  due  to  a  vascular  accident  was  advanced. 

The  patient's  clinical  condition  .stabilized  and  diarrhea  improved.  Rectal 
bleeding  cea.sed.  A  repeat  barium  enema  was  performed  one  week  later  (Figs.  3 


RADIOLOGICAL  NOTES 


and  4).  At  that  time  the  sigmoid  was  somewhat  more  distensible.  A  well  de- 
veloped nodular  fold  pattern  was  seen  throughout  the  involved  segmi'nt  and 
barium  between  the  nodular  folds  created  a  cobblestone  appearance,  .\gain 
there  was  no  definite  evidence  of  diverticula,  tumor  or  perforation. 

Diarrhea  improved  remarkably  and  the  patient  was  discharged  to  a  nursing 
home.  However,  the  patient  e.xpii'ed  suddenly  two  weeks  later,  presumably  due 


Case  255,  Fig.  4.  Post-evacuation  film  gives  a  better  indication  of  ttie  extent  of 
involvement  distaily,  where  the  cobble-stoned  pattern  is  exquisitely  demonstrated. 

to  another  cerel)ral  vascular  accident.  Post  mortem  examination  was  not  ob- 
tained. 


DI.SCUSSION 

In  recent  yeai-s  there  has  been  inei-eased  awai-eness  of  the  radiogi'a])hic  fea- 
tures in  acute  vuscuhii-  deprivation  of  the  bowel.  \\'iiereas  in  tlie  i)ast  interest 
had  centered  on  massive  infarction  of  the  small  bowel  due  to  arterial  oi'  venous 
occlusi\-e  disease  with  I'esultant  gangrene,  we  now  nuist  em|)liasize  the  condition 
of  segmental  infarction  of  the  bowel  which  does  not  lead  to  frank  gangi'ene,  but  is 
in  fact  reversible  to  various  de":ress.  The  etiolo^v  is  u>uallv  arteriosclerotic  oc- 
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elusive  disease  and,  less  frctiuently,  arterial  einl)olizatioii.  The  radiographic 
features  reflect  the  pathologic  process,  and  initially  the  involved  segment  of 
bowel  shows  marked  edema  of  the  mucosal  folds,  thickening  of  the  bowel  wall 
and  narrowing  of  the  lumen.  Although  distention  oi  the  i)owel  i)roximally  may 
be  prominent,  the  obstructive  |)icture  can  usually  i)e  managed  conservatively 
with  intubation.  Bleeding  is  almost  always  present  and  the  bleeding  may  be 
massive.  Resection  is  usually  not  required  in  the  initial  phase,  providing  that 
frank  gangrene  does  not  supervene.  As  resolution  occurs  following  the  acute 
insult  the  edematous  and  thickened  mucosal  folds  lose  their  hazy  quality  and 
become  .smaller  and  more  sharjjly  outlined.  In  .'^ome  instances  the  bowel  eventu- 
ally returns  completely  to  normal.  In  others,  the  mucosa  may  atrojihy  leaving  a 
smooth  .<egment  of  bowel.  In  more  seveic  cases  fibrosis  of  the  bowel  wall  leads 
to  a  smooth  stricture.  The  ultimate  i-e>ult  (le|)enils  on  the  seveiity  of  the  initial 
insult,  the  development  of  collateral  cii-culation  and  whether  or  not  significant 
bowel  wall  infection  has  occui-red.  Heavy  antibiotic  therapy  is  therefoi'e  indi- 
cated. 

In  the  case  presented,  a  patient  with  severe  rheumatic  mitral  disease  and 
multiple  embolic  episodes,  it  is  i)resumed  that  a  small  embolism  occluded  a 
sigmoid  mesenteric  vessel.  The  radiographic  features  in  this  case  include  maik- 
edly  nodular  edematous  mucosa  with  narrowing  of  the  l)owel  lumen  and  thick- 
ening of  bowel  wall  (Fig.  2).  Some  imiirovemeiU  was  appaicnt  on  the  second 
barium  enema  study  (Fig.  3i,  but  unfoitunately  no  fuithei-  follow  uj)  could  be 
obtained. 

The  differential  diagnosis  inchules  acute  iliverticulitis.  segmental  gi'aiudo- 
matous  colitis,  and  radiation  sigmoiditis.  Scinlious  carcinoma  intrinsic  to  the 
sigmoid  and  meta.static  carcinoma  to  the  sigmoid  must  also  be  considered. 

Case  Report:  I.\i  arctiox  ok  the  sigmoid  colon. 
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CASK  NO.  2:)() 

A  27  year  old  man  was  admitted  to  the  hospital  because  of  intermittent  epi- 
.«odes  of  abdominal  pain  and  diarrhea  foi-  one  month  with  increasing  intensity 
and  .severity  for  four  days  prior  to  admission.  There  was  one  episode  of  emesis 
at  the  on.set  of  symptoms.  There  was  no  bleeding.  One  similar  episode  has  oc- 
curred two  years  previously  which  .»<ubsifled  spontaneously.  Physical  examina- 
tion revealed  a  doughy  mass  in  the  right  lower  (piadrant  which  was  tender  to 
palpation.  There  was  clubbing  of  the  finger  tips. 

C lastrointestinal  rafliographic  stuflies  were  peiformed.  The  es()i)hagus  anrl 
stomach  were  normal.  The  tluodenal  bulb  (Figs.  1  and  2),  was  uniformly  iiai- 
rowed  and  the  mucosa  showed  a  frayecl  a|)])earance.  No  mucosal  fold-  were  noted. 
There  was  no  clear  delineation  of  a  pyloi  us  and  the  gasti  ic  aiitnim  and  I  he 
fluodenal  bulb  mergerl  ini)erce|)til)ly.  There  was  a  sliai|)  tiaiisition  distallv 
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where  the  second  i)ortion  of  the  diiodciiuiii  was  seen  to  lie  noi'inal.  Tn  the  small 
bowel,  typical  changes  of  regional  ileitis  w  cic  ilciiKni-t  rated  oxer  a|>i)r()xiinately 
3  feet  of  distal  ileum.  At  least  3  skip  lesions  wcw  ideiitilied  which  sliowed  con- 
sideral)le  narrowing,  irregularity  ot  the  mucosa,  and  small  nodular  luceiicies 
suggesting  heaped  up  mucosa  (Fig.  3l.  Hadiogi'ai)hic  studies  oi  the  colon,  ui'i- 
nary  tracts,  gall  bladder,  and  chest  re\-ealed  no  abnormality. 


Case  256,  Fig.  1.  Anteroposterior  view  of  the  stomach  and  duodenum  shows  a  nor- 
mal proximal  stomach  but  no  clear  demarcation  between  the  antrum  and  duodenum. 
The  duodenal  bulb  and  first  portion  are  narrowed.  No  mucosal  folds  are  present.  A 
sharp  transition  occurs  at  the  junction  with  the  proximal  second  portion  of  the  duo- 
denum. 

The  patient  had  no  symptoms  of  obstiuction  and  there  was  no  bleeiiing.  He 
was  treated  symptomatically.  Abdominal  pain  disappeared  and  diarrhea  abated. 
He  was  asymptomatic  on  the  eighth  hospital  day  and  was  discharged  imi)roved. 

Discrssiox 

Although  gi-anulomatous  disease  of  the  duodenum  has  been  described  many 
times,  it  is  rare  to  demonsti'ate  the  classical  radiogi-aphic  pictui'e  that  we  have 
come  to  expect  with  granulomatous  disi^ase  of  the  more  distal  small  bowel.  Some 
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of  the  cases  described  in  tlie  literature  show  what  may  be  interpreted  as  secon- 
dary involvement  of  the  duodenum  due  to  granulomatous  reaction  in  the  ad- 
jacent mesenteiy  and  retroperitoneal  structures.  In  the  case  presented  we  have 
an  exquisite  demonstration  of  segmental  involvement  of  the  duodenal  bulb. 


Case  256,  Fig.  2.  Spot  view  of  the  antrum  and  duodenum  show  a  frayed  mucosal 
surface.  There  are  no  normal  folds.  The  segment  has  distended  somewhat  in  comparison 
with  Fig.  1. 

clearly  an  intrin.-ic  Ie>ion.  The  segment  is  narrowed  and  the  mucosa  is  frayed 
with  no  normal  mucosal  folds  present.  A  sharp  transition  to  normal  bowel  oc- 
curs ju.«t  as  is  seen  in  the  ileuuL  The  correct  diagnosis  is  established  in  this 
case  by  the  association  with  classical  regional  ileitis.  The  differential  diagnosis 
of  the  duodenal  bulb  lesion  itself  should  include  Hodgkin's  di.<ea.'-e  which  can 
narrow  the  bowel  as  well  as  destroy  the  normal  mucosa.  Boeck's  sarcoid  woulcl 
be  a  rare  theoretical  possibility.  Peptic  ulcer  di.«ease  should  be  excluded  by  the 
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absence  of  a  (M-ater,  the  complete  loss  of  imicosal  folds,  the  relatively  loii^  tapered 
narrow  segment,  as  well  as  the  lack  of  any  associated  functional  changes. 
Case  Report:  Regional  enteritis  of  the  duodexim. 


Case  256,  Fig.  3.  Anteroposterior  view  of  the  abdomen  3  hours  after  ingestion  of 
borium  reveals  multiple  skipped  narrowed  segments  typical  of  regional  enteritis.  The 
normal  mucosal  pattern  is  completely  absent  and  areas  of  cobble-stone  pattern  can 
be  seen.  Intra-mural  sinus  tracts  are  seen  along  the  margins  of  the  terminal  ileum. 
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CASE  NO.  257 

A  64  year  old  male  was  admitted  to  the  hospital  because  of  right  lower 
quadrant  abdominal  pain,  nausea  and  vomiting.  Physical  examination  I'evealed 
marked  tenderness  in  the  right  lower  ([uadrant  and  signs  of  peritoneal  irrita- 
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tion.  Tliere  was  elevation  of  the  white  blood  count  with  many  young  fonns  and 
a  mild  temperature  elevation.  Clinical  imjiression  was  acute  appendicitis.  At 
exploration  the  appendix  was  indeed  acutely  inflamed  and  apjiendectomy  was 
performed.  In  addition,  however,  a  large  mass  was  encountered  involving  small 


Case  257,  Fig.  1.  Anteroposterior  film  of  the  abdomen  (reversed  in  reproduction) 
90  minutes  after  ingestion  of  barium  reveals  a  hoop  shaped  loop  which  maintained 
its  configuration  on  many  views  including  pressure  studies.  The  mucosal  pattern  is  shirred 
and  fixed  (arrow  a)  in  one  limb  of  the  loop.  The  opposite  limb  contains  a  short  nar- 
rowed segment  (covered  by  arrow  b)  with  smcxsthly  shouldered  margins.  Arrow  c  points 
in  the  direction  of  the  entero-enterostomy. 
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bowel  and  mesenteric  nodes.  A  small  nodular  lesion  of  the  mid-ilevnn  was  lo- 
cated. The  mesentery  was  infiltrated  and  local  and  regional  lymph  nodes  were 
greatly  enlarged.  Several  metastatic  nodules  were  seen  in  the  liver.  The  nodular 
lesion  had  narrowed  the  lumen  and  the  pi'oxiiual  howel  was  moderately  dilated. 
A  biopsy  was  j^erformed  and  an  entero-eiiterostoniy  was  created  to  bypass  the 
lesion.  The  pathologist  reported  carcinoid  tumoi-  with  infiltration  of  the  wall  of 
the  bowel.  The  ajijiendix  revealed  acute  suppurative  inflammation  hut  no  evi- 
dence of  carcinoid  tumor. 


Case  257,  Fig.  2.  Spot  pressure  study  (conventional  orientation)  of  the  abnormal 
loop  shows  fixed,  shirred  folds  below  the  narrowed  segment  (arrow  a)  and  also  in  the 
opposite  limb  (arrow  b). 

The  patient  made  an  uneventful  recovery  and  was  discharged  from  the  hos- 
pital. He  remained  asymi)tomatic  for  three  months.  There  was  no  clinical  evi- 
dence of  carcinoid  syndrome.  He  gradually  developeil  abdominal  distention, 
nausea,  vomiting  and  right  lower  quadrant  abdominal  pain. 'A  large  mass  rap- 
idly develoi)ed  in  the  right  lower  fiuadrant.  A  course  of  chemotherai)y  was  admin- 
istered combining  Thio-tei)a  and  Methotrexate  with  marl<;ed  decrt'ast'  in  the 
size  of  the  mass  and  almost  complete  disappearance  of  symjitoms.  He  remained 
improved  for  thi'ee  months  when  symptoms  recurred  and  the  mass  again  in- 
creased in  size. 

The  patient  was  admitted  to  the  hospital  and  radiographic  study  of  the  gastro- 
intestinal tract  was  i)erfoi'med  (Figs.  1  and  2i.  The  ])roximal  small  bowel  was 
not  dilated.  In  the  right  lower  quadrant  a  hoop-shaped  loo])  of  ileum  was  seen 
which  maintained  a  fixed  position.  In  one  limb  of  this  looji  there  was  a  short 
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eccentrically  narrowed  segment  with  smooth  shouldered  inariiins  proxiiiially 
and  distally.  The  nuicosal  pattern  in  the  opposite  litnh  was  sinned  and  fixed. 
The  entero-enterostoniy  was  located.  The  short  narro\ve(l  set^ment  was  felt 
to  contain  the  primary  tumor  nodule  and  the  fixed  loop  and  distorted  mucosa  to 
be  evidence  of  local  metastatic  spread. 

A  course  of  o-fluoro  uracil  was  administi'red.  Ai^ain  the  mass  shrunk  i-emai-ka- 
hly  and  symptoms  vii-tually  <lisappeai'ed.  At  present  the  patient  is  heinsj;  main- 


Case  257,  Fig.  3.  Anotfier  proven  case  of  carcinoid  tumor  involving  distal  ileum 
showing  a  sharply  angulated  and  fixed  loop  with  thickened,  pleated  fold  pattern. 
The  apex  of  the  loop  is  narrowed  over  a  wide  area.  The  proximal  bowel  is  dilated. 

tained  on  intermittent  doses  of  o-fluoro  uracil.  The  mass  in  the  ri<2;ht  lowei- 
quadrant  is  barely  palpable  and  he  has  only  an  occasional  e|)isode  of  jiain.  Six- 
teen months  have  now  elapsed  since  the  original  dia<j:nosis.  There  contimies  to 
be  no  clinical  evidence  of  carcinoid  syndrome. 

uiscrssioN 

Carcinoid  tumor  of  the  small  bowel  is  not  a  rare  entity,  but  it  is  distinctly 
rare  to  demonstrate  the  ])rin)ary  tumor.  These  tumors  are  usually  small  and 
originate  in  an  extra-mucosal  location.  They  spread  characteristically  via  the 
lym|)hatics  into  the  adjacent  mesentei-y  and  encourajic  a  marked  sciiihous  reac- 
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tion.  This  results  in  angulation  and  fixation  of  the  adjacent  bowel  loops.  Figures 
1  and  2  demonstrate  the  sliort  ecccntiically  narrowed  segment  containing  the 
primary  tumor  nodule.  The  fixed  h()o|)-sliai)('d  loop  with  distorted  mucosal  folds 
is  evidence  of  the  associated  sciiTlious  i-caction  in  the  niescntcry.  These  changes 
are  characteristic  of  carcinoid  tumor  and  the  angulation  of  the  howrl  is  often 
even  more  marked  and  acute  (Fig.  31.  Differential  diagiio.-i.-  >li()uld  include  met- 
astatic carcinoma  to  the  small  bowel  and  also  jti-imary  cai-cinonia  of  the  small 
bowel  with  local  metastases,  both  of  which  can  i)roduce  an  identical  pictui'e. 
Case  Report:  Carcinoid  tumor  of  the  small  bowf.l  (two  cases i. 
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